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Abstract
TOWARD DEVELOPING A VALID AND RELIABLE ASSESSMENT OF LEARNERS’
NATURE OF ENGINEERING VIEWS
by
Erdogan Kaya
Dr. Hasan Deniz, Examination Committee Chair
Professor of Teaching and Learning
University of Nevada, Las Vegas

Nature of Engineering (NOE) refers to the epistemological beliefs pertaining to engineering
(Antink-Meyer & Brown, 2019; Deniz et al., 2019; Hartman & Bell, 2018; Kaya et al., 2017;
Pleasants & Olson, 2019). Given that a person’s engineering values and beliefs can affect how
that individual perceives not only certain tasks, but also his/her ability to accomplish them, it is
important to support pre-college teachers and students in improving their NOE understanding.
This continues to be one of the main goals of pre-college Science, Technology, Engineering, and
Math (STEM) education, and has become particularly relevant since the release of the Next
Generation Science Standards (NGSS) in 2013. NGSS elevated the engineering design process to
the level of scientific inquiry and focused on the aspects of NOE implicitly. Just as researchers
have been calling for a greater emphasis on the understanding the Nature of Science (NOS)
during the last fifty years, including the need for K-12 students to develop adequate NOS views,
students today need to be better informed on the key NOE aspects in order to appreciate and
understand engineering. Recently, some researchers have attempted to explore relevant NOE
aspects for K-12 students with the aim of generating more sophisticated views of NOE among
students. However, at present, assessment of NOE understanding, which is a fundamental part of
iii

NOE research, is a challenge, due to the absence of a reliable instrument. It is therefore
imperative to develop a NOE instrument that can be adopted in pre-college engineering
instruction, as the findings yielded can help close the gap between learners’ NOE conceptions
and the actual engineering practice. Most importantly, pre-college engineering education can be
modified by using a spectrum of instructional methods geared toward enhancing learners’ NOE
understanding. This was the aim of the proposed study, and it was achieved by accomplishing
the following two goals: (a) describing the NOE aspects relevant to K-12 education based on the
NGSS and the National Research Councils’ Framework for K-12 Science Education; (b)
developing a new empirical, reliable, and valid open-ended Nature of Engineering Instrument –
Version B (VNOE-B), in part derived from a Views of the Nature of Engineering (VNOE)
questionnaire designed to assess learners’ NOE perceptions. This research mainly focused on the
development and validation of the VNOE-B questionnaire while also discussing the implications
of the use of the new VNOE-B questionnaire in educational practice. It is envisaged that the
findings yielded by this investigation will guide the science and engineering education
community in devising the most appropriate ways to help students and teachers develop fullyinformed NOE views.
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Chapter 1 The Problem
Introduction
Engineering is one of the main driving forces of the US economy (NAE, 2008; NSB,
2018). However, given more than one million unfilled engineering positions, it is necessary to
increase the number of engineering graduates leaving US universities exponentially (Olson &
Riordan, 2012; SOU, 2012). Namely, if the US economy is to continue to prosper, more students
need to choose engineering as their study subject and subsequent career. Based on the statistics
for 2015, there were approximately 1.6 million engineers in the workforce, while about 200,000
engineering students graduated that year (Bureau of Labor Statistics [BLS], 2015; Engineering,
2016; Yoder, 2015). Furthermore, while the US labor field is becoming increasingly diverse, this
diversity is not yet reflected in the engineering industry, which may potentially lead to biased
products. Thus, there is also a significant need to expand the participation of all subpopulations,
especially women and BIPOC (Black, Indigenous, People of Color) students, in the engineering
industry, which should start in early education. According to Yoder (2015), a few years ago,
70% of engineering jobs were held by white individuals, with only 30% of engineering careers
held by women. Moreover, only 4% of professional engineers are black, even though 12% of the
US population is black (Yoder, 2015). These alarming statistics highlight the need to prioritize
pre-college engineering education.
As engineering has become highly important in the modern age, so has the need for a
trained and engineering-literate workforce (International Technology and Engineering Educators
Association [ITEEA], 2020; National Academies of Sciences, Engineering, and Medicine
[NASEM], 2020; National Research Council [NRC], 2012). The term “engineering literacy”
implies complete understanding of engineering design (NGSS Lead States, 2013; NRC, 2012),
1

holding informed views of Nature of Engineering (NOE) (Deniz et al., 2019; Hartman & Bell,
2018; Karatas et al., 2016), and fluency in engineering practices (Cunningham & Kelly, 2017).
Given its broad scope, the pathway to engineering literacy must start with pre-college
engineering education. However, empirical evidence suggests that most teachers and students
possess rudimentary understandings of engineering (Capobianco et al., 2011; Cunningham et al.,
2006; Duncan et al., 2011; Hsu et al., 2011). This has prompted some researchers to probe into
students’ and teachers’ engineering views in pre-college settings, leading them to conclude that
learners tend to hold incomplete views of NOE (Deniz, Yesilyurt, Kaya, & Trabia, 2017;
Karatas, Bodner, & Unal, 2016; Kaya et al., 2017; Marti, Deniz, Kaya & Yesilyurt; 2017; Marti
et al., 2018; Newley, Kaya, Deniz, & Yesilyurt, 2017). Thus, in recognition that students need to
become prospective creators of technology, instead of passive users, education advocates and
researchers have started to call for the inclusion of engineering as one of the principal
components of pre-college teaching and learning (Cunningham & Carlsen, 2014; Cunningham &
Higgins, 2015; Deniz et al., 2018; 2019; Hartman & Bell, 2018; NGSS Lead States, 2013; NRC,
2012).
In response to the increasing number of engineering positions that may remain unfilled
and the evident need for developing an engineering-literate population, in the last decade, there
has been an apparent change in the focus of pre-college education, with a much greater emphasis
placed on STEM subjects, engineering in particular. Specifically, engineering education is being
included in the curricula of many schools across the nation, and pre-college engineering
education—with its knowledge, practices, and epistemology (NOE)—is at the front line of this
process (NGSS Lead States, 2013; NRC, 2012). For example, the NGSS is leading this national
movement by including engineering in its eight science and engineering practices, and as one of
2

the four disciplinary core ideas (NGSS Lead States, 2013). Particularly, for the first time, NGSS
and K-12 Science Framework now embody engineering design with science practices and
explicitly include the engineering design process as a disciplinary core idea in pre-college
science education. Although engineering design has finally received the same recognition as
scientific inquiry, this alone cannot ensure that the students will develop into engineering-literate
citizens unless a special emphasis is given to the NOE instruction.
A practical working definition of NOE focuses on the characteristics, values, and beliefs
of engineering knowledge (Antink-Meyer & Brown, 2019; Cunningham & Kelly, 2017; Deniz et
al., 2019; Hartman & Bell, 2018; Karatas et al., 2011; Pleasants & Olson, 2019). For the purpose
of the current study, the following tenets are included, but not limited to, stipulating that
engineering solutions are (a) multiple and subject to revision for further development, (b) datacentric and evidence-based, (c) creative and imaginative, (d) designed in a systematic way, (e)
collaborative, (f) constrained by criteria, (g) failure-laden, (h) influenced by and influence the
society, culture, and politics, and (i) distinct from science and other disciplines in their goals. In
addition to adopting this interpretation of NOE in the current study, the phrase “Nature of
Engineering (NOE)” is frequently used throughout this dissertation. While it is impossible to
completely avoid this nomenclature due to linguistic and grammatical considerations, it should
be emphasized that no consensus presently exists among engineering philosophers, researchers,
and educators on a clear-cut definition of NOE or the features of NOE relevant at the pre-college
level. Although Deniz et al. (2019) noted that there is a significant overlap in the engineering
literature on many of the pre-college appropriate NOE tenets (Antink-Meyer & Brown, 2019;
Cunningham & Kelly, 2017; Hartman & Bell, 2018; Karatas et al., 2011; Kelly & Cunningham,
2019; Pleasants & Olson, 2019), the authors suggested that there is still an on-going need to
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conduct empirical studies to reach a better agreement on the NOE aspects that are accessible to
pre-college students and teachers.
Science and engineering educators, as well as members of various organizations and
foundations, are increasingly of the view that students need to be more literate about engineering
(ITEEA, 2020; Katehi, Pearson, & Feder, 2009; NASEM., 2020; NGSS Lead States, 2013; NRC,
2012). Hence, a concerted effort has been dedicated to expanding learners’ NOE views and
increasing their understanding of NOE, which has resulted in the inclusion of many NOE aspects
into science and engineering curriculum, aiming to develop engineering-literate students.
Findings yielded by extant studies indicate that supporting pre-college students in understanding
NOE tenets may help them make informed decisions and better understand the epistemology of
engineering (Antink-Meyer & Brown, 2019; Cunningham & Kelly, 2017; Deniz et al., 2019;
Hartman & Bell, 2017; Karatas et al., 2011; Kelly & Cunningham, 2019; Pleasants & Olson,
2019). However, assessment of NOE views held by students and teachers remains a challenge for
researchers and practitioners. Thus, it is essential to conduct further studies in order to assess and
explicate the appropriate NOE aspects in pre-college engineering education, as this would allow
the educational stakeholders to make better instructional decisions.
The intent of developing such evaluation instruments—focusing on the aforementioned
empirical NOE aspects—is to measure learners’ NOE understanding, with the ultimate aim of
helping students more actively engage in engineering design challenges. Additionally, it is
critical for students and teachers to reflect on their engineering ideas if we want the young
generation to be engineering literate.
It is a fundamental need to explicate the appropriate NOE aspects in K-12 STEM
education to increase the engineering literacy of the students. Assessments of learners’
4

understanding of NOE is one of the most crucial steps in making better instructional decisions.
However, due to the lack of a reliable and valid instrument, it is difficult to probe participants’
NOE perceptions with current assessment tools (Deniz et al., 2019).
The implications of the present study are therefore obvious. It is apparent that, with a
robust instrument, teachers’ and students’ NOE views can be assessed effectively. The goal of
this research was to demonstrate the process of developing, validating, and applying this new
Views of Nature of Engineering - Version B (VNOE-B) questionnaire that assesses participants’
NOE perceptions. With the development of the VNOE-B, an important gap in pre-college NOE
research will be partially closed.
Statement of the Problem
Support for NOE education in pre-college science education is evident, and is aligned
with empirical evidence, specifically with the publications of K-12 Science Framework and the
NGSS. The inclusion of engineering in pre-college science education is not only of interest for
researchers but also for professionals from different disciplines, who are increasingly advocating
for NOE education as a means of improving students’ engineering literacy. Being engineering
literate improves citizens’ decision-making skills and helps them feel that they are full
participants and contributors to society (ITEEA, 2020; NASEM, 2020). Yet, to become
engineering literate, learners need to hold adequate NOE views, which will be required for most
jobs in the future.
Having informed NOE views may assist learners in better understanding the influence of
engineering on society and may increase their civic participation. Additionally, having an
adequate understanding of engineering may increase the equity of STEM participation. For
example, as most engineers are white males, machine-learning and deep-learning algorithms they
5

develop are biased, as they are struggling with identifying the faces of women and people of
color. It is thus necessary to improve the diversity of training and validation data, which can only
be achieved if companies start hiring a diverse body of engineers. Yet, this can only be done if a
more diverse body of students is attracted to technology and engineering-based courses. This, in
turn, necessitates improving learners’ understanding of NOE. More specifically, it is crucial for
all the members of society to have an awareness of how engineers do their jobs and have an
appreciation of the field that makes our lives easier. People must also have a better understanding
of how engineering impacts the economy and finance, society, business, politics, and the way we
communicate with one another and with our surroundings.
In short, NOE understanding is essential for informed decision making and civic
participation. Thus, early in education, students must be taught about how engineering influences
culture, how politics manipulate engineering, how participation in a debate about the positive
and negative outcomes of engineering impacts the advancement of technology, how engineering
knowledge leverages making critical decisions in everyday life experience, and how NOE
knowledge assists in being aware of biases that are built into engineering products. Thus, it is
important to increase both students’ and teachers’ understandings of the NOE, as this will
significantly impact their engineering literacy.
One of the first steps in improving NOE views of learners is accurate assessment of their
NOE understanding. Measurement of NOE understanding would provide valuable insights
related to future directions of pre-college engineering education. Unfortunately, NOE assessment
is presently difficult to accomplish due to the lack of empirically-validated and reliable NOE
instruments.
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Research on the NOE instrument development is presently limited, suggesting that the
topic of NOE assessment needs to be explored in greater depth. Only a few studies have been
conducted to date with the sole aim of developing an instrument for examining students’ and
teachers’ NOE understanding (Karatas et al., 2016; Lachapelle et al., 2006; Lambert et al., 2007).
Even though the authors of these studies assessed students’ and teachers’ perceptions of
engineering, they failed to assess some NOE aspects with which pre-college students should be
familiar. Knight and Cunningham (2004), for example, developed a draw-an-engineer test that
was completed by elementary-school students. However, they did not conduct interviews with
students to generate their in-depth profiles in order to gain a better understanding of their
drawings. More recently, Karatas et al. (2016) developed a NOE instrument that was
administered to first-year undergraduate engineering students. Even though this work is an
important first step in developing an instrument that would capture learners’ NOE views, the
questionnaire items were not developed empirically. Moreover, no information was provided
regarding the validity or reliability of the instrument. Karatas et al. (2011), on the other hand,
focused their assessment on the sixth-graders’ NOE views, but once again failed to provide any
evidence of its validity or reliability. Similarly, the empirical VNOE-A instrument developed by
Deniz et al. (2019) needed to be subsequently revised, as it could not map some of the key NOE
aspects such as empirical (testing).
NOE in pre-college education is a relatively new but quickly growing research agenda.
On the other hand, NOS has been extensively studied, and the findings yielded by these
investigations can be applied to establish a framework for the NOE research. As NOS is one of
the most studied research topics in K-12 science education, it can serve as a starting point for
future NOE. Particularly, VNOS (Lederman et al., 2002) instrument development can be used as
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a framework for developing a NOE instrument. For example, NOS refers to the core
characteristics of science, namely (a) science is a human endeavor, (b) science explains natural
phenomena, (c) science is empirical, and (d) science is tentative. While there are distinctions
between NOE and NOS, there is also a significant overlap between their key aspects, as
indicated in recent pre-college science education reform documents, such as K-12 Science
Framework and NGSS. For example, one of the distinctive features of engineering is its
problem-solving aspect by developing technologies or processes, whereas scientists focus on
explaining natural phenomena. On the other hand, both engineers and scientists work in teams
and use their creativity and imagination while designing artifacts (engineers) or developing a
theory (scientists). Thus, findings reported in NOS literature may set strong foundations for NOE
research. Additionally, understanding both NOS and NOE is necessary for students and teachers
to differentiate science from engineering and make informed decisions (Antink-Meyer & Brown,
2019; Karatas et al., 2016).
In summary, assisting learners in developing a sophisticated understanding of NOE
continues to be the aim of pre-college engineering education, as evidenced by recent pre-college
science and engineering education reform documents. However, the NOE research is still in its
nascent stages. The limited number of studies exploring learners’ NOE views is also related to
the lack of a valid and reliable instrument that can be adopted to assess pre-college relevant NOE
aspects. It is also important to measure teachers’ NOE, as it would be naive to expect them to
teach NOE without having a full grasp of all the concepts. Efforts are already underway to
integrate NOE in science teaching and learning, with the goal of developing greater NOE
understanding among students, but a valid and reliable NOE assessment tool is still lacking. The
instrument developed by Deniz et al. (2019) focused on the meaningful assessment of the NOE
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items, but required revisions to improve its validity and reliability and to address more precollege relevant NOE aspects.
Thus, the aim of this study was to develop a robust NOE instrument by building on the
framework adopted by Deniz et al. (2019). According to these authors, as well as Karatas et al.
(2016), if NOE is included in educational curricula without a powerful assessment, students
might not develop adequate NOE conceptions. Having an ability to assess students’ NOE will
give them the opportunity to reflect on, discuss, understand, and improve their NOE views.
Students and teachers that hold informed NOE views have the potential to contribute more
meaningfully to the society. Similarly, holding adequate NOE views may prompt a greater
number of students to consider engineering as a possible future career.
Brief Overview of NOE and Earlier NOE Instruments
There is a strong national push to improve engineering teaching and learning at the precollege level. The ultimate aim of these efforts is to develop students’ engineering literacy,
allowing them to appreciate engineering as a discipline and as a fundamental driver of the
national economy and societal prosperity. Engineering literacy encompasses engineering
knowledge, engineering practices, and NOE (Hartman & Bell, 2017; Pleasants & Olson, 2019).
As indicated by many pre-college engineering education researchers, a valid and reliable
NOE instrument is needed to enhance engineering literacy. Several authors have attempted to
identify pre-college relevant NOE aspects by conducting a literature review of a representative
scholarship in sociology, history, and philosophy of engineering (Cunningham & Kelly, 2017;
Karatas et al., 2011; Pleasants & Olson, 2019), by examining pre-college science education
policy documents (Deniz et al., 2019; Iveland, 2017), or by conducting Delphi studies (Hartman
& Bell, 2017; Yesilyurt, 2020). Some of the authors of these prior studies described NOE as
9

values and beliefs related to engineering, noting that NOE covers the epistemology of
engineering (Deniz et al., 2017; Hartman & Bell, 2017; Karatas et al., 2016). There is also a
prevalent belief that understanding NOE helps learners: (1) make sense of engineering and
technology in daily life, (2) make informed decisions, (3) appreciate the contribution of
engineering in our culture, and (4) recognize the ethical and moral values that engineers need to
demonstrate in this modern world, as well as (5) aids in the teaching and learning of engineering
instruction (Cunningham, 2009; Deniz et al., 2017; Kaya et al., 2017; Lachapelle &
Cunningham, 2014).
Moreover, authors that have previously conducted assessments of students’ and teachers’
understanding of the engineering have reported that learners’ hold inadequate engineering views
(Deniz et al., 2019; Karatas et al., 2016; Kaya et al., 2017; Marti et al., 2017; Marti et al., 2018;
Yesilyurt et al., 2018). Particularly, extant study findings indicate that students hold uninformed
understandings of the engineering (Capobianco et al., 2011; Fralick et al., 2009; Karatas et al.,
2016; Knight & Cunningham, 2004; Yesilyurt et al., 2018). Kaya et al. (2017) further observed
that pre-service elementary teachers also lack understanding of engineering, which makes it
challenging to teach their students. Other researchers concur that engineering views of in-service
elementary teachers require advancement (Deniz et al., 2019). Findings yielded by some studies
indicate that in-service secondary science teachers have more informed but not sophisticated
engineering conceptions (Marti et al., 2017; Marti et al., 2018). Yet, the instruments used to
assess participants’ engineering views in these studies were limited and could not fully capture
NOE understandings of the respondents.
An extensive review of the current literature on NOE has revealed only a few
measurements that assess learners’ NOE perceptions (Deniz et al., 2017; Karatas et al., 2011;
10

Karatas et al., 2016). However, the authors of some of these instruments could not demonstrate
high reliability and validity due to the adoption of non-empirical development methodology
(Karatas et al., 2011). Moreover, some of these assessments are not fully aligned with K-12
engineering education, making their use inappropriate due to their irrelevancy (Karatas et al.,
2016), while others elucidated only a limited number of the NOE aspects empirically (Deniz et
al., 2019). In sum, due to the lack of a reliable and valid instrument, it is difficult to assess
participants’ NOE perceptions with present measurement tools (Deniz et al., 2017; Hartman &
Bell, 2017).
Hence, to move the pre-college NOE research forward, a more robust data-driven NOE
instrument needed to be developed. Various approaches to the NOE instrument development
have been taken, as discussed above, but none have provided a rigorous, formal, empirical
approach to identifying NOE questionnaire items that are relevant for pre-college engineering
education. This is the gap that this dissertation study aimed to address by developing a rigorous
method for developing a robust NOE questionnaire that sidesteps some of the pitfalls of earlier
research. Rather than relying on the opinions of the researchers, in developing NOE items, a
nationally representative diverse group of experts who understand the history, philosophy and
sociology of engineering, and assessment development were consulted. This rigorous approach
to the development of a NOE instrument brought the much-needed validity and reliability to the
assessment of learners’ NOE views.
Research Questions
The engineering profession is a crucial discipline that addresses the world’s problems and
issues, and learners must be given the opportunity to participate in engineering education
programs with embedded NOE instruction, as this would allow them to improve their NOE
11

views (Deniz et al., 2019; Kaya et al., 2017; NGSS Lead States, 2013). Appendices I and J of
NGSS, along with the K-12 Science Framework, cover most of the NOE aspects without using
the term “NOE” explicitly. However, without assessing learners’ current views in NOE, it is hard
to identify and rectify their misconceptions about NOE. Thus, the main goal of this research was
to develop a valid and reliable NOE instrument that can be applied to assess pre-college
students’, teachers’, and other learners’ NOE perceptions. This instrument was used to address
the following research questions:
1) How do engineering experts and non-experts respond to the VNOE-B?
2) What are the similarities and differences, if any, between engineering experts’ and
non-experts’ NOE views?
Then, the empirical data generated by experts and non-experts through responding to
open-ended questions in the VNOE-B instrument constituted the evidence needed to establish the
validity and reliability of the instrument.
Significance of the Study
Engineering should be included in pre-college science education because this would
increase students’ STEM success by using engineering as a catalyst that integrates all science
disciplines, while also improving their appreciation of engineering through engineering practices,
and sparking all students’ interest in engineering as a discipline and possible future career. The
ultimate goal of this initiative is to contribute to improving engineering literacy of the general
public, as greater NOE knowledge would allow all individuals to make informed decisions about
technological issues on personal, local, and national level, and be productive citizens in a
democratic society. This dissertation tried to address the need for a better understanding of NOE
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views held by pre-college teachers and students by providing a robust instrument specifically
designed for this purpose.
The impact of engineering in our daily life, along with a shortage of engineers, has
popularized the engineering profession and has brought the discipline to the heart of pre-college
science education. An adequate understanding of NOE would allow students to become
engineering-literate individuals capable of making informed decisions on issues related to
science and engineering. To this end, the VNOE-B will be one of the first assessment tools that
will support researchers in investigating the NOE views of students and teachers. Furthermore,
with this robust measurement tool, scientists’, engineers’, educators’, and engineers’ NOE views
may be examined in a systematic way as well. Hopefully, the VNOE-B will prompt researchers
to empirically probe NOE beliefs of their study participants.
Some of the topics that have not been explored in-depth in the extant NOE literature, yet
can be examined by adopting VNOE-B, include: (a) the parameters (e.g., implicit vs. explicit
instruction) that influence the development of NOE understandings, (b) the impact of
professional development on teachers’ NOE understandings, (c) the effect of training on
teachers’ ability to integrate NOE in classrooms, and (d) the interaction between NOE and NOS
aspects and their contribution to science and engineering literacy. With this body of knowledge,
more effective NOE training can be designed, allowing learners to gain articulated NOE views.
Besides, the VNOE-B will guide the stakeholders in determining the efficacy of precollege engineering education in meeting the aim of improving learners’ NOE understanding.
Consequently, VNOE-B development is the start of a long research journey, as it will likely be
modified and improved as it is employed in more diverse contexts. Additionally, we will need to
develop new NOE instruments that are accessible to elementary and ELL students. Finally, the
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present study will hopefully generate more interest in NOE instruction, and in developing
engineering-literate citizens in general.
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Chapter 2 Literature Review
Introduction
The primary purpose of the present literature review is to investigate the pre-college
engineering studies, and particularly NOE understandings of learners. In the first part of this
chapter, I reviewed the recommendations and standards for engineering education in the major
science education reform documents, including Science for All Americans (American
Association for the Advancement of Science[AAAS], 1989), Benchmarks for Science Literacy
(AAAS, 1993), National Science Education Standards (National Research Council [NRC],
1996), A Framework for K–12 Science Education: Practices, Crosscutting Concepts, and Core
Ideas (NRC, 2012), and the Next Generation Science Standards (NGSS) (NGSS Lead States,
2013). In the second part of the chapter, I explored the relevant literature focusing on
engineering education at the pre-college level and describe ways that engineering education can
be beneficial to pre-college students' and teachers' Nature of Engineering (NOE) views and
explore the ways in which students’ and teachers’ NOE views are assessed.
Part I - Science Education Reform Documents
Introduction
It is evident that the Science, Technology, Engineering, and Mathematics (STEM)
disciplines are all involved in each part of digital life, with STEM also directly impacting the
nation's prosperity. However, few US citizens hold degrees in these disciplines. Recently, there
has been a growing interest in the educational policies that prepare our students for the
competitive job market, equipping them with 21st-century skills and priming them for STEM
careers. K–12 science education policy documents play an essential role in accomplishing this
goal. The motivation behind these policies is to challenge students and set a bar higher to
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improve their science knowledge and skills. This gap in science careers has created the need for
an innovative approach in K-12 science education. Five federal science education policy
documents have shaped US science education since 1989: Science For All Americans [SFAA]
(AAAS, 1989), The Benchmarks for Science Literacy (AAAS, 1993), the National Science
Education Standards [NSES] (NRC, 1996), A Framework for K–12 Science Education:
Practices, Crosscutting Concepts, and Core Ideas (NRC, 2012), and the Next Generation Science
Standards [NGSS] (NGSS Lead States, 2013). To meet the demands of STEM careers, the
AAAS published the SFAA and Benchmarks, which is a giant step towards developing national
science education standards. The NRC has taken on an initiative role by organizing the
development of the NSES—based on the SFAA and Benchmarks—which was first published in
1996. Although the NSES, Benchmarks, and the SFAA shaped science teaching in the US for 15
years, there was still a lot of room for improvement due to the fast progress of science and the
accumulation of research-based knowledge that could inform K–12 science education.
Furthermore, essential movements in Math and Language Arts, for instance, the release
of Common Core State Standards also pushed the development of the K–12 Framework for
Science Education. This movement initiated the modification of K–12 science education,
because 17 years had passed since the release of the previous national K–12 NSES in the US.
Furthermore, Achieve released the NGSS in 2013. All of these documents encouraged the
integration of engineering in science education at different levels of detail. This section addresses
the inclusion of K-12 engineering education in the above-mentioned science education
documents for K–12 science teaching and learning.

16

Science for All Americans.
The SFAA is the first of the five documents to be discussed (AAAS, 1989). SFAA is the
Project 2061 document that specifies what US citizens should have a basic knowledge of to
become scientifically literate. The SFAA is the result of four years of work that began in 1985.
SFAA aims to groom citizens who can think critically in a planet that is heavily influenced by
scientific innovations.
A committee of scientists and science educators discussed and reached an agreement on
what US citizens should learn to become scientifically literate. SFAA describes a science-literate
individual as follows:
A science-literate person is one who is aware that science, mathematics, and technology
are interdependent human enterprises with strengths and limitations; understands key
concepts and principles of science; is familiar with the natural world and recognizes both
its diversity and unity; and uses scientific knowledge and scientific ways of thinking for
individual and social purposes. (SFAA, 1989, p. 17)
SFAA defines science literacy as encompassing several disciplines, including science,
mathematics, and technology, as explained in the above quotation. The committee’s suggestions
formed the SFAA, which defines science literacy as stated above and provides valuable tips to
guide the effective dissemination of science literacy without delving into technical jargon and
unnecessary details, which is why another goal of SFAA is to simplify content for scientific
literacy.
SFAA specifies what constitutes adult science literacy. The fundamental purpose of
science education is defined as creating scientifically literate US citizens. Science literacy is an
umbrella term that implies the understanding of STEM helping individuals to make sophisticated
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choices in real life, along with knowing that STEM is a human enterprise with benefits and
constraints. SFAA is shown as the first step towards cementing the national science standards
due to its precise definition of science literacy. Furthermore, it has also influenced science
education abroad. So how does SFAA describe engineering education?
The overarching theme of the SFAA is to create scientifically literate citizens in the US,
which is a country heavily influenced by technological developments. The SFAA chose to use
the term technology as a broader term encompassing the processes and products of engineering
and also pointing towards the influence and impact of technology on society. For example, the
SFAA provides examples of the contribution of technology in the agricultural and medical
sectors, which have in turn led to population explosion. Furthermore, the SFAA also suggests the
need to understand the habits and minds of experts working in the field of technology (i.e., their
ways of thinking, skills, attitudes, and perceptions) for appreciating the designed world because
of its fundamental influence on the global society.
In other words, the SFAA gives recommendations about technology that are required for
science literacy. It addresses these topics and explains the influence of technology on society and
their interconnectedness, including some real-world examples of the impact of technology in
today's world. It also provides examples from the life of inventors and engineers throughout
history—specifically the Industrial Revolution—and addresses the skills required for
engineering. The SFAA describes engineering as the following: “The systematic application of
scientific knowledge in developing and applying technology, has grown from a craft to become a
science in itself.” (1989, Chapter 3, paragraph 5). As explained above, the definition of
engineering by the SFAA is limited to the application of science and it is merely considered a
complementary discipline for science and technology. Engineering should go beyond being
18

perceived as a sidekick for science, technology, or mathematics. Expectedly, the definition of
engineering is more profound and broader in other documents than that presented in the SFAA.
Overall, the SFAA provides recommendations on the beliefs, attitudes, values, and skills
required in science teaching and learning to create scientifically literate citizens. Science literacy
encompasses science, mathematics, and technology, whereby technology is used as a broader
term that encompasses engineering as well. Nevertheless, the SFAA describes the relationship of
technology and engineering with science and how much information about technology is
required for the learners. It is the most crucial step towards developing national science standards
and to nurture students who can make informed decisions towards the creation of a prosperous
nation. The next section describes the engineering in the Benchmarks (AAAS, 1993) which is a
companion report to SFAA.
Benchmarks for Science Literacy
Benchmarks is the second of the five documents to be discussed here (AAAS, 1993). It is
a complementary report to the SFAA that states what each student should accomplish at the end
of the elementary, middle, and high school levels. It was published in 1993, after the release of
SFAA in 1989. This document guides teachers by helping them decide what to include in their
science curricula. It is the result of four years of collaboration between Project 2061 teachers,
scientists, and science educators. The primary motivation behind Benchmarks is to support
SFAA to reach its goal of creating scientifically literate students. Most of the states have
designed their K–12 science standards based on the combination of Benchmarks and the SFAA.
For example, Benchmarks is introduced to prospective teachers and incorporated into the courses
on science teaching methods. It also helps familiarize new teachers with the science content to
guide their lesson plans.
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Benchmarks addresses engineering under the Nature of Technology section, just like the
SFAA, which includes topics such as Technology and Science, Design Systems, and Issues in
Technology. Benchmarks provides recommendations for lower elementary (K–2), upper
elementary (3–5), middle school (6–8), and high school (9–12) levels. In the first section, titled
Technology and Science, Benchmarks emphasizes the importance of introducing design
problems. However, it does not explicitly use the term engineering until the middle school grade
band. The Technology and Science section focuses specifically on the relation between science,
technology, and engineering.
The next section, Design Systems, defines what technology and technological design
processes are without using the term engineering explicitly, but by referring to the Engineering
Design Process (EDP). Additionally, it draws attention to the impact of making trade-offs and its
effects on the criteria and constraints when deciding on a design. The last part of the Nature of
Technology section is named Issues in Technology and focuses on understanding the potential
positive, negative, and neutral impacts of technology on an individual making informed
decisions as a scientifically literate person. Additionally, Benchmarks provides examples of the
application of technology in fields ranging from agriculture to manufacturing. It also encourages
students to be involved in design projects and recommends inviting engineering and technology
experts as guest speakers to classrooms.
In summary, according to Benchmarks, engineering is emphasized under the Nature of
Technology section, whereby it provides recommendations to integrate technological design
projects into the school curriculum, giving students the opportunity to devise prototypes by using
the design process. The next section describes engineering in the NSES (NRC, 1996) and
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compares it with the K–12 engineering education tenets outlined earlier with SFAA and
Benchmarks.
National Science Education Standards (NSES)
The NSES is the third reform document to be discussed in the context of pre-college
engineering education (NRC, 1996); Benchmarks and SFAA together influenced the
development of NSES (1996). The NRC used SFAA and Benchmarks as foundational texts to
develop NSES, which is consistent with these reports. The only difference between these three
documents is the organization of content. The vision of NSES, just like that of Benchmarks and
SFAA, is to create scientifically literate students. NSES was the result of an iterative process
leading up to a consensus by the committee of scientists regarding the knowledge and skills that
make students scientifically literate. It provides a roadmap to develop a scientifically literate
society. It guides students in acquiring essential everyday abilities, like critical thinking skills.
NSES is the first national K–12 science standard created in the US. Built upon the SFAA
and Benchmarks science reform documents, it provides an outline of what experiences students
need to gain to be scientifically literate. NSES organizes its content into categories placed on
grade bands— (K – 4, 5 – 8, and 9 – 12). It has a different method of organization than
Benchmarks, based on research evidence accumulated throughout the years.
NSES includes eight main topics: (1) Unifying concepts and processes in science, (2)
Science as inquiry, (3) Physical science, (4) Life science, (5) Earth and space science, (6)
Science and technology, (7) Science in personal and social perspectives, and (8) History and
nature of science. Engineering is placed in the Science and Technology category and the
Influence of Technology category, and I will specifically focus on the content standards E and F
(see Table 1).
21

The NSES supports the definitions of engineering created by Benchmarks and SFAA.
According to NSES, Science and Technology standards visualize the relation and differences
between science and the engineered world with the aim of increasing students’ critical-thinking
skills. The Science and Technology standard starts with comparing science and engineering and
explains that the primary purpose of science is to explain the natural world, while the intent of
the designed world, which is the world of engineering, is to make systematic upgrades in the
world to solve human problems such as improving environmental, energy, and transport
challenges. The Science and Technology standard begins with the understanding of technology
as design, just like the science standards start with the perception of science as inquiry.
Technology as design refers to the EDP and is analogous to scientific inquiry. The primary
vision of this category is to equip students with the abilities and knowledge to be good decisionmakers.
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Table 1: NSES Content Standards for Engineering
K–4

5–8

9–12

CONTENT STANDARD
E:
Science and Technology

Abilities of technological
design

Abilities of
technological
design

Abilities of
technological design

CONTENT STANDARD
E:
Science and Technology

Understanding about science
and technology

Understanding
about science
and technology

Understanding about
science and
technology

CONTENT STANDARD
E:
Science and Technology

Abilities to distinguish
between natural objects and
objects made by humans

None

None

CONTENT STANDARD
F:
Science in Personal and
Social Perspectives

Science and Technology in
local challenges

Science and
Technology in
Society

Science and
Technology in local,
national and global
challenges

Within the Content Standard E: Science and Technology category, there are two content
strands for middle and high school: (a) Abilities of technological design and (b) Understanding
about science and technology. In levels K–4, one more strand is added: (c) Abilities to
distinguish between natural objects and objects made by humans (see Table 1). Additionally, the
Influence of Technology strand is emphasized in Content Standard F. For the K–4 levels, it
emphasizes the influence of science and engineering in overcoming local issues. For levels 5–8,
it spotlights the social impacts of science and engineering. For levels 9–12, it is aimed at the
significant effects of science and engineering in confronting regional, national, and world-wide
problems.
The Abilities of Technological Design strand focuses on the Design Process (DP).
Students in K–4 grades follow a simpler version of the DP, which consists of the following
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phases: (a) identify a simple problem, (b) propose a solution, (c) implement proposed solutions,
(d) evaluate a product or design, and (e) communicate a problem, design, and solution (NSES,
1996, pp.137-138). In this grade level band, students should be exposed to design activities
appropriate to their developmental level.
Middle school (5–8) students follow a similar plan as the one above but are involved in a
more sophisticated sequence of steps for the DP: (a) identify appropriate problems for
technological design, (b) design a solution or product, (c) implement a proposed solution, (d)
evaluate completed technological designs or products, and (e) communicate the process of
technological design (NSES, 1996, pp.165-166). At the middle school level, during the design
process, students are expected to think about criteria and constraints as well as trade-offs
between the different proposed solutions. Therefore, students in grades 5–8 are expected to learn
a more advanced level of DP than those in grades K–4.
For the 9–12 level, abilities associated with technological design are listed as follows: (a)
identify a problem and design an opportunity, (b) propose designs and choose between
alternative solutions, (c) implement a proposed solution, (d) evaluate the solution and its
consequences, and (e) communicate the problem, process, and solution (NSES, 1996, pp.192193). Over the high school years, design problems should be more open-ended and relevant. For
instance, an appropriate design activity could include building robots and coding, and it can
involve an interdisciplinary approach by covering the concepts of physics and computer science.
The goal of the 2nd strand—Understanding about science and technology—is to visualize
the relationship of science and the engineered world with the intention of increasing students’
problem-solving skills. It covers concepts such as connections and distinctions between science
and technology, how they are both collaborative and subjective by virtue of being a human
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endeavor, the importance of creativity and imagination, and social and cultural influences of
science and technology.
In strand 3 of Content Standard E (see Table 1) entitled Abilities to distinguish between
natural objects and objects made by humans, K–4 students are expected to understand the
distinctions between natural and engineered materials at the elementary level. Additionally,
Content Standard F, Science in Personal and Social Perspectives, covers the social and cultural
embeddedness of technology. This strand covers how political trends, funding for research, and
ethical considerations impact science and technology. It also underscores how technology affects
and is affected by local, national, and global social issues and challenges.
As described in this section, the NSES organizes the engineering content in Content
Standard E into two strands for middle and high schoolers: Abilities of technological design and
Understanding about science and three strands for elementary schoolers: Abilities to distinguish
between natural objects and objects made by humans in addition to the above two strands.
Additionally, Content Standard F emphasizes the social impact of engineering and the
interrelation between engineering and ethics, politics, culture, and funding. NSES provides
general information about the connections of engineering under the Science and Technology
category without providing specific engineering education standards according to the grade level.
NSES is the first national science standard designed for K–12 science literacy. On that
score, the NRC has taken on a leading role by organizing the publication of NSES on the basis of
the SFAA and Benchmarks. I support the NRC’s decision to include technology. However, I also
think that the definition of technology and engineering in the NSES should have gone beyond
what is included in the document. Although there is a separation based on grade levels, there is
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insignificant change with respect to engineering content among grade bands. Nonetheless,
engineering will secure an outstanding spot in the upcoming science reform documents.
SFAA (1989) and Benchmarks (1993) stressed on the fact that understanding technology
stimulates an understanding of other STEM disciplines, and NSES (1996) highlighted that design
projects could be a magnificent catalyst to comprehending science and technology as well. The
overarching theme of the SFAA, Benchmarks, and NSES is to create scientifically literate
citizens, which would require an understanding of technology. The benefit of being
knowledgeable about technology is making reasonable choices in daily life, whether learners are
in STEM fields or not. The next section focuses on the K–12 Science Framework, identifying the
engineering education for the pre-college level specified within the document.
A Framework for K–12 Science Education: Practices, Crosscutting Concepts, and Core Ideas
The NRC’s K–12 Science Framework is the fourth science education reform report to be
discussed here; it offers a vision for pre-college science knowledge that all students should
achieve. It outlines what science content and practices are required for students to learn, from
kindergarten through 12th grade. K–12 Science Framework was created by experts, consisting of
globally renowned scientists, engineers, and members of the science teaching and learning
community. The committee spent more than 18 months to develop the K–12 Science Framework.
Additionally, science education stakeholders provided feedback on the report and reached an
agreement on what students should manage to accomplish in science.
The vision of the K–12 Science Framework is to generate students informed in science
and engineering who graduate high school with the following skills: (a) appreciating how science
and engineering is conducted, (b) using informed views to engage in local, national, and
international science and engineering issues, (c) being informed decision-makers and consumers
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of technology, (d) engaging in lifelong learning, and (e) having adequate understanding of
science and engineering disciplines whether or not they choose these careers. However, the K–12
Science Framework also underscores that the US fails to achieve these goals. The primary
objective of the K–12 Science Framework is to close this gap by leveraging the students’
knowledge to help them transform into citizens adequately well-versed in science and
engineering.
K–12 Science Framework is informed by the previous nationwide science reports
including the SFAA (1989), Benchmarks (1993), and the NSES (1996), but it also provides some
new components. It is innovative in its organization since it is designed around 3-dimensions: (a)
Scientific and Engineering Practices (SEP), (b) Cross-cutting Concepts (CC), and (c)
Disciplinary Core Ideas (DCI), all of which are intertwined. Additionally, it advocates that the
best approach to understanding science is by actually conducting science activities, instead of
memorizing discrete facts. Furthermore, K–12 Science Framework identifies grade band
endpoints for lower elementary (K–2), upper elementary (3–5), middle school (6–8), and high
school (9–12). The goal of the framework is to align the three-dimensional components of K–12
science education to achieve its outlined vision.
The first dimension in the K–12 Science Framework consists of eight SEPs that are
provided below: (1) Asking questions and defining problems; (2) Developing and using models;
(3) Planning and carrying out investigations; (4) Analyzing and interpreting data; (5) Using
mathematics and computational thinking; (6) Constructing explanations and designing solutions;
(7) Engaging in argument from evidence; and (8) Obtaining, evaluating, and communicating
information. The primary target of these SEPs is to aid students to improve their understanding
of the relation between science and engineering and how each is conducted. Eight defined SEPs,
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as observed by science and engineering experts while engaging with their work in the field, were
adopted.
The SEP section helps students to understand that neither there is a linear so-called
scientific method in scientific inquiry nor step-by-step singular EDP exists in the case of
engineering, and all disciplines require a unique knowledge base to conduct practices. In this
regard, introducing SEP to students is essential to make them appreciate the development of
science and engineering knowledge. Additionally, NSES and the earlier documents discussed
previously used the term skills when they referred to the engagement of scientists and engineers
with their work in the field. However, the K–12 Science Framework chose to adopt the term
practices instead of using skills unlike the previous science reform documents. Since carrying
out scientific inquiry and EDP requires practices, which are defined as knowledge coupled with
skills, it is essential for students to experience these practices. This enables them to understand
how scientists use the process of investigation to explain natural phenomena and how engineers
solve engineering problems by using the EDP, which in turn makes them informed decisionmakers. Additionally, involvement with SEP sparks students’ curiosity in science and
engineering disciplines. Moreover, engaging in SEP also informs students’ understanding of DCI
and CC.
The second dimension of the K–12 Science Framework includes seven CC, which are
provided below: (1) Patterns; (2) Cause and effect: Mechanism and explanation; (3) Scale,
proportion, and quantity; (4) Systems and system models; (5) Energy and matter: Flows, cycles,
and conservation; (6) Structure and function; and (7) Stability and change. The primary objective
of the CC is to address the themes and relations common to both science and engineering
disciplines. CC assist students to comprehend that science and engineering have similar SEP and
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DCI across disciplines. For example, scientists look for patterns in their investigations for
seeking a better explanation for a natural phenomenon and, similar to scientists, engineers
identify patterns to improve their designs and find the best possible solutions based on criteria
and constraints.
The DCI is the third and last component in the K–12 Science Framework. It constitutes
the big ideas in science and engineering. DCI refers to the core content of science and
engineering, such as facts and theories. The K–12 Science Framework selected minimal but
essential DCIs that are progressively reviewed for each grade band to advance students’ access to
actual experiences. The DCIs pertain to the following disciplines: (1) Physical sciences, (2) Life
sciences, (3) Earth and space sciences, and (4) Engineering, technology, and applications of
science.
With the release of the K–12 Science Framework, engineering has finally secured a
prominent position. I will specifically focus on the engineering education portion of the K–12
Science Framework, which explains the rationale of including engineering as follows:
Engaging in the practices of science and engineering during their K–12 schooling should
help students see how science and engineering are instrumental in addressing major
challenges that confront society today, such as generating sufficient energy, preventing
and treating diseases, maintaining supplies of clean water and food, and solving the
problems of global environmental change. (NRC, 2012, p. 9)
The quote above addresses how engineering is fundamental to solving technical human
problems. It is a call to promote the understanding of engineering to prepare scientifically literate
students who can make informed decisions in real life. For example, students can develop
awareness about and critically analyze the consequences of pollution resulting from
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technological advancement and provide recommendations to prevent pollution by actively
engaging and advocating to find alternative, clean engineering solutions for the environment. K–
12 Science Framework also explicitly defines engineering, unlike previous science documents,
as follows:
We use the term “engineering” in a broader sense to mean any engagement in a
systematic practice of design to achieve solutions to particular human problems.
Likewise, we broadly use the term “technology” to include all types of human-made
systems and processes—not in the limited sense often used in schools that equates
technology with modern computational and communications devices. Technologies result
when engineers apply their understanding of the natural world and human behavior to
design ways to satisfy human needs and wants. (NRC, 2012, pp. 11–12)
Earlier science reform documents held misconceptions about technology and engineering,
placed engineering under the technology chapters, and provided a limited definition of
engineering. K–12 Science Framework addressed these misconceptions and explicitly outlined
engineering as an independent discipline and underscored the distinction and similarities
between engineering and technology in the DCI context.
K–12 Science Framework includes two core ideas of engineering: (1) ETS1—
Engineering Design, and (2) ETS2—Links among Engineering, Technology, Science, and
Society. Since engineering education is still a fledgling discipline, a consensus on what consists
of the content knowledge of engineering has not yet been reached; however, there is a consensus
that EDP is central to engineering practices, and there is a broad consensus on what EDP is.
Moreover, most of the K–12 engineering curricula are focused on the EDP. Core Idea ETS1
consists of three strands: (A) Defining and delimiting an engineering problem, (B) Developing
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possible solutions, and (C) Optimizing the design solution. K–12 Science Framework defines
EDP as an iterative and systematic approach that includes identifying the problem, developing
multiple solutions by taking criteria and constraints into consideration, and optimizing the
solution by using empirical methods. The second DCI in engineering is called ETS2—Links
among Engineering, Technology, Science, and Society and includes two strands— ETS2.A:
Interdependence of Science, Engineering, and Technology and ETS2.B: Influence of
Engineering, Technology, and Science on Society and the Natural World. The purpose of ETS2
is to explicitly show the distinctions and interconnectedness between science and engineering,
how both of these disciplines are creative, socially embedded, empirical, and impact social and
global issues and challenges.
Overall, the K–12 Science Framework offers a new three-dimensional solution for
comprehending science and engineering through which, by getting experience in SEP, students
can improve their understanding of CC and DCI. Another innovation in the K–12 Science
Framework is the introduction of engineering concepts, whereby the EDP is elevated to the level
of scientific inquiry. The K–12 Science Framework serves as a basis in developing the NGSS,
which will be discussed in the next section.
Next Generation Science Standards (NGSS)
The NGSS, which encompasses the essential pre-college science education standards, is
the fifth and final national reform document to be discussed. This section will illustrate NGSS’
recommendations for the inclusion of engineering education into pre-college science education
standards throughout K–12 science teaching and learning (NGSS Lead States, 2013). NGSS is
another influential national report after the K–12 Science Framework that supports the
integration of engineering into science classrooms; it was released in 2013 by the collective
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effort of educational organizations, such as Achieve, the NRC, and the AAAS. Achieve, which is
a not-for-profit educational institution, led the development of the NGSS for the pre-college
science education based on the K–12 Science Framework. The NRC published a statement that
confirmed that the NGSS is built on the K–12 Science Framework. The ambition of the NGSS is
to support students advance in science and engineering, and make these education accessible to
all 21st-century students to improve science literacy. The previous sets of science education
standards were released in 1996. After that, research studies collected evidence on the gaps in the
standards and the aspects that had to be addressed and improved in K–12 science teaching. This
body of literature informed the NGSS’ development.
Just like the K–12 Science Framework, this new document has a three-dimensional
structure, which incorporates SEP, CC, and DCI; it is designed to build students’ knowledge
over multiple years of schooling, one that progresses to a more sophisticated level in each grade.
These three dimensions are combined as Performance Expectations (PE) in the NGSS. PEs refer
to the (measurable task) assessments, including the knowledge and abilities that are expected by
students to demonstrate in science and engineering. PEs aim to measure student understanding
and emphasize that SEP, CC, and DCI are required simultaneously in three dimensions, to
develop explanations for nature (in case of science) and to design solutions to technical human
problems (in case of engineering).
The real uniqueness in the NGSS is that it puts EDP to the equivalent of scientific
inquiry, unlike previous standards. The NGSS explains the rationale for the inclusion of
engineering as “There are both practical and inspirational reasons for including engineering
design as an essential element of science education” (Appendix I, NGSS, p. 2). The rationale is
built on the aim of (a) recognizing the significant impact of engineering in a designed world, (b)
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reaching out to marginalized student populations to increase student diversity in engineering
careers, (c) providing opportunities to boost students’ creativity and imagination, and (d)
emphasizing the importance of making informed decisions by improving students’ criticalthinking skills by engaging them in socially relevant and meaningful problems through
engineering design. For example, engineering design challenges encourage underrepresented
students to solve meaningful problems, recognize the influence of engineering in their lives, and
become motivated to increase their participation in the classroom.
To be more specific, the NGSS incorporates EDP into the science education and
describes engineering as “any engagement in a systematic practice design to achieve solutions to
particular human problems” (NGSS Lead States, 2013, Appendix I, p. 2). Within NGSS, students
should establish (1) practices necessary to engage in EDP, and (2) appreciation of the nature of
engineering to address societal challenges and solve the global human problems that students
will face in the future.
Engineering is included in the standards in the form of eight engineering practices (SEP)
that students need to demonstrate and seven CC, which are common themes for engineering
across disciplines. The NGSS also included DCI in addition to the SEP and CC that are used in
K–12 science education, to help students comprehend what engineering is. DCI is integrated
with a fair amount of life, physical, earth, and space sciences. Additionally, the NGSS includes
separate DCI for engineering design in lower elementary (K–2), upper elementary (3–5), middle
(6–8), and high (9–12) school grade bands.
In lower elementary, engineering design is introduced as human problems that need to be
addressed by using EDP, which consists of defining, developing, and optimizing solutions. In
upper elementary, EDP is presented to students in a more structured way and requires students to
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take criteria and constraints into consideration, develop and optimize multiple solutions by
modification of the design. In the middle school, EDP is formalized, similar to the upper
elementary level, but with the expectation of using EDP more systematically and emphasizing
the importance of testing in engineering to reach optimal results. EDP in high school aims to
engage students in complex real-world problems, similar to the ones faced by professional
engineers in the field. Besides, the NGSS encourages the use of mathematics and computer
simulations to optimize the solutions and expects students to investigate the influence of their
solutions on society and the environment.
The NGSS and NRC’s K-12 Science Framework made strong attempts to raise awareness
about engineering by integrating it as a crucial component of science education. Prior to this
move, there were no national standards that included engineering exclusively. Additionally, as
emphasized by the NRC’s K–12 Science Framework and the NGSS, EDP is becoming one of the
prominent parts of pre-college science teaching and learning. Introducing EDP in pre-college
education promotes science learning, STEM interest, awareness of STEM careers, and
engineering literacy. These two documents treat SEP equally and include EDP as a foundational
factor of pre-college science education. The aim of the inclusion of engineering in these two
documents is to highlight engineering’s contributions to solving global and societal issues and
possibly to spark students’ interest in these careers, which may inspire students to be a part of
solving these global issues.
Summary
Project 2061 was started to conduct research and reach a broad consensus on what
students should learn about science, and this has led to the publication of K–12 science reform
reports for all US citizens since 1985. The AAAS’ Project 2061 published reports that include
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the SFAA (1989) and Benchmarks (1993) (AAAS, 1989; 1993). In the early 1990s, the AAAS
published the SFAA to aid as a manual for what every US citizen should understand about
science before college, by assessing student learning and content knowledge. It was obvious that
to effectively evaluate the goals targeted in the SFAA, a set of guidebooks that could escort the
SFAA had to be developed. To accompany the SFAA, the AAAS published Benchmarks (1993).
Later in 1996, the NSES (1996) was developed by the NRC. This was based on the SFAA and
Benchmarks.
Although the NSES, Benchmarks, and SFAA are separate documents, they are consistent
with one another. All these earlier science reform policy documents included a technology
section with the aim of creating scientifically literate citizens. These reports covered engineering
for pre-college science education under the umbrella term “nature of technology,” and the
emphasis on engineering was limited to its relationship with science and technology.
Additionally, these reform documents saw the technology unit as only being supportive to
science instruction. Moreover, they held misconceptions about engineering and technology. For
example, Benchmarks (1993) highlighted the relevance and importance of introducing
technology and design to the K–12 curriculum to improve students’ understanding of the
manipulated world. However, they used the term “technological design,” which creates a
misconception, since technology is often the end product and process of engineering.
Although the aforementioned science policy documents stay limited in their scope on
engineering, they established the foundations for the publication of the new pre-college science
standards. Recently, by dint of the NRC’s, the NSTA’s, and the AAAS efforts, the K–12 Science
Framework (2011), and the NGSS (2013) were released. These recent documents elevated EDP
to the same level of scientific inquiry and highlighted the importance of engineering education.
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These documents put forward essential SEP explicitly for the K–12 context in order to equip
students for the demands of the hi-tech society. It was the first time that engineering and EDP
was explicitly addressed in a pre-college nationwide science education report. An essential
purpose of the aforementioned reports is to engage students in STEM disciplines and transform
them into scientifically literate individuals who have the capacity of making informed decisions.
Part 2- Pre-college Engineering Education Literature Review
Introduction
The United States fails to meet the demands of STEM professionals, particularly in
engineering disciplines (NSCRC, 2015). For example, the Bureau of Labor Statistics calculated
the projected engineering employment rate in 2024 and found that the US lacks a significant
number of engineers. The US will need around 1.5 million engineers (Bureau of Labor
Statistics., 2018) by 2024, but only around 107,000 American students graduated with
engineering degrees in the United States in 2014 (Yoder, 2015). Furthermore, Asian and
European universities outnumbered US institutions in graduation rates, with more than 2 million
and 1.5 million engineering graduates in 2014, respectively (National Science Board [NSB],
2018).
In fact, the numbers are even worse when we include women and minorities. For
instance, only 20% of US engineering graduates were women in 2014. Moreover, only 3.5% of
the graduates were African American, and this number has kept decreasing since 2006 (Yoder,
2015). To support its increasing prosperity and sustaining world leadership in innovation, it is
crucial for the US to increase its number of engineering graduates. Starting engineering
education earlier than college is a key to achieving this goal, since pre-college engineering
education has the potential to attract students in engineering careers. It is necessary to prioritize
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training K–12 teachers and engaging students in engineering in the national agenda so as to
increase citizens' participation in economic growth and prosperity. Such motivations have caused
a push for pre-college engineering education from the national educational institutions with the
aim of expanding and closing the gap in engineering fields and producing competitive students in
this talent pool (NCES, 2015) as compared to their international peers (NSB, 2018).
However, pre-college engineering education is a relatively new research agenda. So far,
there has been little discussion about the affordances of pre-college engineering education, and it
is still not clearly understood in comparison to K–12 science education research. Nevertheless, a
handful of reports highlight that learners hold misconceptions or naive perceptions of
engineering (Deniz et al., 2017; Kaya et al., 2017; Yesilyurt et al., 2018). On the other hand,
research literature also reveals that integrating engineering education in pre-college increases
students' curiosity in engineering careers and improves their attitudes towards engineering
(Cunningham, 2009).
The objective of this section is to provide an overview of the studies documenting the
place of engineering education in K-12 education. I will begin the section by underlining the
rationale of the inclusion of engineering in pre-college classrooms. Next, I will review recent
studies that focus on engineering education in elementary and secondary schools for students and
teachers. I will conclude the section by reporting the Nature of Engineering (NOE) research
literature in context of engineering education.
The Rationale for Engineering Education in Pre-college Education
The integration of engineering has been advocated in pre-college teaching and learning
by virtue of recent engineering education reforms (Katehi et al., 2009; NGSS Lead States, 2013;
NRC, 2012). Arguments for the inclusion of pre-college engineering education include wide37

ranging reasons such as improving students' science content knowledge, increasing
understanding of engineering as a discipline, and developing informed engineering perceptions
(Cunningham, 2009; Stohlmann, Maiorca, & DeVaul, 2017). Moreover, engineering is the
catalyst that brings all STEM subjects together and grabs the attention of minority students with
its meaningful, real-world relevance (Cunningham & Higgins, 2015). NGSS has embraced this
situation by elevating engineering design to the same level as scientific inquiry (NGSS Lead
States, 2013).
As a response to this call, recent reform efforts have positioned engineering as an
essential component of STEM education for K–12 students (NGSS Lead States, 2013 NRC,
2012). However, little progress has been made at the elementary, middle, and high school
classrooms, where engineering teaching is generally neglected or minimized (Kaya et al., 2017;
Kaya et al., 2019). However, early exposure to engineering education is necessary to build a
foundation of basic knowledge and skills. This leads more students to develop informed views of
engineering concepts and pursue engineering-related careers (DeJarnette, 2012).
From this point of view, integrating engineering in a way that supports the improvement
of scientific knowledge benefits learners, which reflects the interwoven nature of these concepts
and may increase students’ interest in engineering. There are several reasons to expose students
to engineering as listed below: (a) Students are natural tinkerers. They love constructing and
breaking apart their toys, video game consoles, and robots. By introducing engineering in
elementary and secondary schools, we have a chance to lead them in a more structured way
(NGSS Lead States, 2013); (b) Engineering is easily integrated with science, math, and language
arts. Exposing students to engineering can promote students' understanding of math and science
using relevant examples (NGSS Lead States, 2013); (c) Engineering fosters critical thinking and
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problem-solving skills (Cunningham, 2009; ITEEA, 2020); (d) Engineering is a hands-on
discipline that improves spatial thinking skills and motor skills (Ramful, Lowrie & Logan,
2017); (e) Engaging in engineering improves students' STEM career awareness (Cunningham,
2009; ITEEA, 2020). The elementary and secondary school years are the best time to spark
students' interest in STEM-related careers (DeJarnette, 2012). It may have a capacity to narrow
the gap by meeting the high demand in engineering (Karatas et al., 2008) since the number of
students who pursue these careers is decreasing (NSB, 2018); (f) Introduction to engineering in
elementary and secondary school can motivate underrepresented groups in STEM such as
Latinos, Black students, and female students (National Academies of Sciences, 2018; Ozogul et
al., 2017); and (g) Being engineering literate is an essential 21st-century skill, needed to make
daily informed decisions (Karatas et al., 2008).
As stated earlier, after the publication of the K–12 Science Framework, engineering has
been introduced in the pre-college science standards and gained a formal status, equivalent to
science after the NGSS. Although lifting engineering instruction to the level of science
instruction is a positive attempt, the context of K–12 engineering education is poorly understood
relative to K–12 science education. The research conducted, relevant to elementary and
secondary school students' and teachers' engineering perceptions, reports that learners hold an
incomplete understanding of engineering. However, learners' engineering understanding can be
improved with proper intervention (Deniz et al., 2017; Kaya et al., 2017; Yesilyurt et al., 2018).
What follows are the details of the relatively limited literature in engineering education at the
elementary and secondary school level. There are both quantitative and qualitative studies that
shed light with regards to learners' perceptions of engineering. The following sections examine
the literature on the elementary and secondary school level engineering education, including
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students, In-Service Teachers (IST) and Pre-Service Teachers (PST) engineering views, and this
section will conclude with the argument on how the engineering perceptions of learners’ impact
pre-college engineering teaching and learning.
Students’ and Teachers’ Engineering Perceptions
Students’ Engineering Perceptions. Ever since Sputnik launched, educators and
researchers, with the support of the US government, have emphasized the need for reforms in
science training, particularly in the fields of technical and practical science (Ravitch, 2000).
After the decline of the United States' ranking in the world economy and the reports of US
students' low achievement in STEM-related international assessments (Ray & Margaret, 2003),
research efforts turned their attention to improve engineering education and students' perceptions
of engineering (Duncan, Diefes-Dux, and Gentry, 2011; Katehi et al., 2009).
Recently, pre-college engineering education studies seek to examine students'
engineering perceptions. For instance, a common engineering instrument, the Draw-an-EngineerTest (DAET), was adopted by many researchers to investigate the students' engineering
perceptions. Assessment revealed that most students explained that the purpose of engineering
was to fix and construct regardless of students' age, gender, location, economic, and social status
(Capobianco et al., 2011; Cunningham, Lachapelle, & Streicher, 2005; Knight & Cunningham,
2004). Additionally, students' drawings revealed that engineering was a gender-biased field and
students mostly drew male engineers. For instance, Gulhan and Sahin (2018) assessed 234
students' engineering perceptions using DAET. Researchers found that students associated
engineering with construction and building. Additionally, most students drew male engineers.
In a similar vein, Capobianco et al (2011) indicated that students had minimal knowledge
of how engineers work. Both studies revealed that students relate engineering to building or
40

constructing. Another study elaborated upon this idea. Chou and Chen (2017) examined students'
engineering perceptions by using the DAET, and researchers found that the students held weak
engineering perceptions as well. All research studies above revealed that students had
uninformed opinions with regards to engineering. Studies concluded the discussion with the
recommendation of developing a properly-designed pre-college engineering education
curriculum to boost students' knowledge, interest in, and perceptions of engineering.
In another venue, Aschbacher, Ing, and Tsai (2014) examined students' interest in
engineering careers according to their gender. In their longitudinal study, girls were found to be
less attracted to engineering fields than male students. Their recommendations for encouraging
girls toward engineering careers included introducing engineering as early as elementary school
by selecting socially relevant and developmentally appropriate engineering design challenges.
On the other hand, unlike the study of Aschbacher et al. (2014), Guzey, Harwell, and
Moore (2014) developed a STEM-attitude instrument appropriate for students in grades 4–6.
They found that gender and ethnicity did not play a significant role in the attitudes toward STEM
in elementary students. In another study, Ozogul et al. (2017) did not find any significant results
with regards to engineering knowledge and interest based on gender. However, researchers found
that upper elementary students were more informed about engineering and showed a higher
interest in the subject. Additionally, researchers indicated that white students' engineering
knowledge and interest were higher than minority students.
Most researchers are consistent in finding that students hold incomplete views of
engineering, both nationally and internationally, regardless of grade level, gender, and ethnicity.
Research reveals the consistency in students’ inadequate engineering perceptions. Nevertheless,
understanding students’ preconceptions can promote the designing of successful interventions to
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improve students’ engineering perceptions. Starting in the early 2000s, research mostly limited
itself by assessing students’ engineering perceptions without providing any intervention
methods.
Recently, attempts have started to develop intervention to improve students’ engineering
perceptions (Lachapelle & Cunningham., 2007; Ozogul et al., 2018). Ozogul et al. (2018), for
instance, investigated the change in students' engineering perceptions before and after a
workshop. Researchers organized engineering field trips to a large southwestern state university
and held engineering workshops for students. Data was collected through pre, post, and delayed
surveys. Researchers reported that students showed significant improvements (p<.001) at the end
of the workshop and sustained their engineering perceptions, according to delayed survey results.
In another study, Malone et al. (2018) examined students' engineering perceptions. Researchers
collected data from 290 students and 14 teachers. In the pre-test, students held weak
understandings of engineering; however, they significantly (p<.01) improved their knowledge of
engineering with integrated STEAM units that incorporate EDP. Additionally, researchers
indicated that students improved their engineering interests after the engineering units, as
perceived by their teachers.
Similarly, Lachapelle and Cunningham (2007) also studied the engineering perceptions
of students. Researchers collected data from a treatment and a control group. Participants in the
treatment group improved their engineering perceptions significantly at the end of an engineering
design curriculum, in contrast to the control group. In a similar vein, Hirsch et al. (2016) used
DAET in an environmental science and engineering program held during the summer of 2015,
and they found that students' knowledge about engineers and engineering careers significantly
improved at the end of the program. Researchers also found that students drew more female
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engineers in the post-test (from 6 female engineers to 16), as a result of the program, when
compared to the pre-test results.
Similarly, Carr, Diefes-Dux, and Horstman (2012) examined 173 students' engineering
perceptions by using DAET in a pre and post-test fashion. Particularly, students drew engineers
as laborers, mechanics, or technicians in the pre-test. Researchers found that students improved
their perceptions of engineering as indicated by the post-test, after students experienced the
engineering activities. Similarly, Thompson and Lyons (2005) organized an engineering course
for students that was taught by graduate students of engineering. Researchers showed, after the
analysis of DAET, that students improved their understanding of engineering perceptions and
their misconceptions decreased as a result of the course. Additionally, researchers found that
students understood the importance of communication in engineering in their post-test results
(Pre Mean = 0.3586, Pre SD = 0.442; Post Mean = 0.4607, Post SD = 0.447). Furthermore,
researchers also found that students' engineering views are influenced by their mentors. For
example, if the engineering mentor was a computer engineer, students generally drew computers
in their drawings. In another study, Yuen, Ek, and Scheutze (2013) found that students who were
mentored or taught by instructors with similar ethnic or cultural backgrounds were more likely to
be motivated toward engineering careers, and this improved their engineering interest and
perceptions.
Moreover, some researchers assessed students' perceptions from the perspective of
teachers. Rynearson, Douglas, and Diefes-Dux (2014) conducted a qualitative study with 27
teachers. Teachers attended summer PD programs and learned how to teach engineering in
elementary school. At the end of the PD, teachers taught engineering to students in their
classrooms. Teachers were asked about students' engineering perceptions at the end of the
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activities. Teachers reported that students learned collaboration, teamwork, and critical thinking
with the engineering instruction. Researchers found that the instruction from the PD aided the
teachers in their efforts to include engineering in their science and engineering classrooms.
In summary, current research agrees that students often confuse engineers with
construction workers or technicians. Additionally, students mostly depict engineers as men
(Capobianco et al., 2011; Cunningham et al., 2005; Knight & Cunningham, 2004). Furthermore,
recent studies indicate that students' engineering perceptions increased at the end of the
engineering instruction (Carr et al., 2012; Lachapelle, & Cunningham., 2007; Ozogul et al.,
2018).
To develop students' knowledge in engineering, it is important to overcome
misconceptions about what engineers do (e.g., Capobianco et al., 2011; Knight & Cunningham,
2004). The contribution of engineering in pre-college education not only motivates students to
become users and creators of technology but also informed problem-solvers in all subjects
(Cunningham, 2009). Moreover, research also stated that integrating engineering has a strong
potential to improve students' leadership, problem-solving, collaboration, teamwork and
creativity skills (Rynearson et al., 2014). Thus, one path toward improving students' perceptions
in engineering is through engineering instruction at the pre-college level.
However, to accomplish the purpose of engineering education for all students is not an
easy task. A reasonable starting point is assessing and understanding teachers' engineering
conceptions. Due to the expanding importance of engineering in pre-college education, a few but
growing body of literature has investigated the engineering understanding of teachers. The
following section reports the research literature on teachers' engineering perceptions.

44

Teachers’ Engineering Perceptions. There have been few studies conducted that
investigate teachers' perceptions with regards to engineering. This section reviews the research
that inspected teachers’ views (Hsu et al., 2011; Lachapelle, Cunningham, and LindgreStreicher., 2006; Stohlmann et al., 2017). A study conducted by Lachapelle et al. (2006) assessed
engineering descriptions of in-service teachers (IST). The researchers found that like students,
IST hold a weak understanding of engineers. IST commonly associated engineers with building
and construction. Most of the research agrees that teachers hold an incomplete understanding of
engineering, which is similar to students (Deniz et al., 2017, 2018; Lachapelle et al., 2006).
Engineering education is applicable for all students, but to motivate them, teachers should
be provided PD opportunities. Several research studies (Guzey et al., 2014; Lachapelle et al.,
2014; Stohlmann et al., 2017) investigated how engineering education intervention (e.g., PD,
units in PST education, field trips) changes the engineering perceptions of teachers. Guzey et al.
(2014), for instance, examined the approach of 198 IST engineering instruction who participated
in an engineering education PD course. IST without prior knowledge in engineering learned how
to integrate engineering design into their teaching with the NGSS. IST introduced engineering
design lessons in their classrooms in a real-world context. Most of the teachers preferred
integrating engineering to a science context instead of teaching engineering as an independent
discipline. Researchers explored the effects of their year-long training program, and, as a result
of the PD, researchers found that teachers effectively implemented engineering instructions. For
example, some teachers designed a realistic context in which students applied engineering design
processes in engineering lessons that included meaningful instances of science.
In another approach, in a study conducted by Deniz et al. (2018), researchers examined
IST approaches to engineering instruction and engineering teaching efficacy beliefs. The
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researchers sought to understand IST teaching self-efficacy beliefs with regards to pre-college
engineering instruction. 49 IST participated in this study from a local public-school district
residing in Southwestern United States. The IST had no earlier experience in teaching
engineering. The IST responded to a questionnaire that collected information on the number of
years in teaching science, any prior experience with engineering instruction, and their teaching
style (handbook vs hands-on). After this, the IST also completed the engineering teaching
efficacy beliefs instrument, which is a modified version of the Science Teaching Efficacy Beliefs
Instrument (STEBI). Researchers found significant improvements (p<.05) with regards to IST
engineering teaching self-efficacy beliefs and their attitudes towards engineering instruction at
the end of the engineering PD.
Kaya et al. (2019) further probed the engineering teaching efficacy beliefs of pre-service
teachers (PST). Authors conducted a quantitative study to explore PST engineering self-efficacy
beliefs for implementing engineering education with a 3D printer in a science classroom. The
researchers used an adapted version of the STEBI-B (pre-service) for engineering instruction.
The survey was conducted before and after the undergraduate-level science teaching methods
course using a 23-item questionnaire that consisted of two factors, Engineering Teaching
Outcome Expectancy (ETOE) and Personal Engineering Teaching Efficacy. The study results
indicated that, upon course completion, PST PETE scores increased significantly (p<0.05);
however, ETOE scores did not significantly improve (p>0.05). In both studies, the authors
investigated how IST and PST confidence changes in engineering when they engage in training.
However, researchers failed to conduct a follow-up study in order to establish how teachers
applied their engineering knowledge and confidence in their classrooms over the long term.
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Given the growing concern that not enough students are choosing engineering careers
(NCES., 2015; NSB., 2018; Yoder., 2015), it is necessary to understand PST and IST
engineering perceptions. Thus, in the preceding studies, IST and PST were asked about their
views on engineering. Studies in engineering education research found similar misconceptions
about engineering in teachers. The findings revealed that teachers believed that, similar to
students, engineers build, construct, and fix. However, studies also illustrated that intervention
designed for teachers in engineering education improves teachers’ confidence and perceptions in
engineering (Deniz et al., 2018; Guzey et al., 2014; Kaya et al., 2019).
Findings that emerged from such investigations revealed critical attributes that can
improve engineering education for teachers. Moreover, Cunningham (2009) highlighted that
engineering is essential for all students due to its positive contribution to problem-solving
abilities. Research further posited that developing a well-designed engineering curriculum and
preparing current and prospective teachers by developing engineering PD or modifying current
science teaching methods courses is a more robust way to increase students' and teachers'
perceptions of engineering (Cunningham & Carlsen, 2014; Deniz et al., 2018; Guzey et al., 2014;
Kaya et al., 2019). The aforementioned studies focused primarily on students’, PST, and IST
understanding of engineering as a professional occupation. In the pages that follow, the current
literature examining learners' Nature of Engineering (NOE) understanding will be reviewed.
Research on Learners’ Nature of Engineering (NOE) Views
K–12 engineering education improves student performance and STEM literacy, and it
increases the number of students choosing engineering disciplines as a profession (Cunningham,
2009; Cunningham & Lachapelle, 2014; Lachapelle & Cunningham, 2014). One of the rationales
behind the call for K–12 engineering research is to find a way to increase the number of students
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in engineering fields to maintain US leadership in the global competition (Katehi et al., 2009).
To elucidate the potential of integrating engineering in K–12 science classrooms, it is crucial to
understand learners' NOE views as well as their perceptions of engineering as a profession. NOE
is defined as the epistemology (values and beliefs) of engineering, which include, but are not
limited to, emphasis on creativity and imagination, multiple design solutions that are constrained
by criteria, and social and cultural embeddedness (Deniz et al., 2017; Hartman & Bell, 2017;
Karatas et al., 2016). More specifically, generating multiple solutions to an engineering design
problem, for example, is a part of the NOE. Proposed solutions are affected by engineers'
cultural backgrounds and experiences, which are always subjective and biased, while developing
solutions according to criteria and constraints require creativity and imagination. After giving a
brief definition of NOE, it will be discussed in detail in the following chapters.
There is limited but expanding research interest in K–12 engineering education with the
publication of the K–12 Science Framework and the NGSS. However, literature examining
students' and teachers' NOE understanding is scarce (Deniz et al., 2019; Karatas et al., 2011). In
the present section, I report the current research literature on NOE.
As discussed earlier, students generally illustrated engineers as construction workers and
lab technicians, and their engineering perceptions were naive and generally inaccurate
(Capobianco et al., 2011; Knight & Cunningham, 2004). Even though these studies provide
evidence on students' engineering perceptions, they do not provide detailed information about
students' NOE views. Hence, most of these studies are limited in their method because they
assessed NOE views by asking two simple questions: What is engineering? (Difference between
other disciplines such as science and engineering) and What do engineers do? (Engineering
knowledge and understanding of students). Tapping into students' NOE views with these two
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questions limits the assessment of NOE views. NOE instruments should also include items that
can cover other NOE aspects such as empirical, creative, multiple solutions, design under
constraints, social NOE aspects, and social and cultural embeddedness of engineering design
solutions (Deniz et al., 2019).
In this regard, Karatas et al., (2011), for example, studied sixth-graders' NOE views and
focused on students' understanding of the NOE. Researchers used a phenomenographic approach
to analyze their data. They collected semi-structured interview data, field notes, and engineering
drawings from 20 students. Most of the students related engineering with building and
construction. Interviews discovered that students hold a weak understanding of engineers and
changed their NOE views even during the interviews. For instance, students could not identify
the differences between science and engineering, drew mostly male engineers, and illustrated
engineers as handymen such as welders.
Overall, the researchers found that students have uninformed views of NOE. In another
vein, recent studies proposed that well-developed engineering curricula increase student
understanding of NOE and help them to become literate in engineering (Newley et al., 2017;
Yesilyurt et al., 2018). These attempts were designed with an explicit approach to the NOE
perceptions, blending relevant engineering design challenges with children's literature and being
taught by placing the engineering design process (EDP) at the center. Researchers assumed that
when students experience engineering activities, they would improve their NOE perceptions. For
example, Cunningham and her colleagues developed the Engineering is Elementary (EiE)
curricula, which were inspired by the idea that putting engineering design in the center would
improve students' engineering views (EiE, 2018). Newley et al. (2017) used the EiE curricula
with fifth-grade students and used DAET assessment to measure the performance of the students'
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NOE perceptions. Students performed significantly better and showed substantial improvements
in NOE perceptions at the end of the EiE curriculum. Particularly, students drew engineers
working in groups, including female engineers. The design aspect was more prominent when
compared to earlier drawings before the intervention. In a similar approach, Deniz et al. (2018)
designed an integrated engineering design program with language arts for elementary students.
Upper elementary students designed soda can crushers by using the EDP. The activity was
blended with relevant children's literature about the NOE (Deniz et al., 2018). Yesilyurt et al.,
(2018) assessed elementary students' NOE views qualitatively in a written pre- and post-test and
semi-structured interviews using the elementary school version of the VNOE instrument by
teaching the engineering design lessons of Deniz et al. (2018) as an intervention. Elementary
students showed improvement in their NOE views at the end of the engineering design activity.
Researchers concluded that a well-designed engineering curriculum could improve students'
knowledge and perceptions about NOE.
Engineering education is a fundamental part of the NGSS that guides K–12 engineering
education. As the fledgling NOE research indicated, teachers' NOE understanding is essential for
improving students' engineering literacy in K–12 engineering teaching and learning. However,
research literature about teachers' NOE concepts is limited (Deniz et al., 2019; Pleasants &
Olson, 2019); research that investigates the effect of teacher training in engineering education is
even more scarce (Deniz et al., 2019; Kaya et al., in 2017). Nevertheless, over the last several
years, researchers began investigating teachers' NOE understandings. Moreover, current studies
about teachers' NOE views state that PD programs, with the guidance of engineering and science
education professors, let IST and PST experience engineering and improve their instructional
strategies with engineering content knowledge (Cunningham & Carlsen, 2014). Deniz et al.
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(2019) investigated elementary teachers' NOE views by developing an open-ended NOE
instrument, which is a modified version of the Views of Nature of Science Questionnaire
Version-C (Lederman et al., 2002). Researchers studied IST NOE understandings. They
investigated teachers' NOE conceptions before and after the engineering education PD sessions
with written NOE instrument and semi-structured interviews. Deniz et al. (2019) instructed
teachers in an explicit-reflective manner. Researchers found that teachers held uninformed or
partially informed views about NOE at the beginning of the elementary engineering education
program, but teachers' NOE views improved significantly (p<0.05) after the intervention.
Additionally, Deniz et al. (2019) stated that there were not many instruments to assess learners'
NOE views and that they were limited in their scope, unlike the instrument they developed. None
of the earlier NOE instruments had an ability to gauge most of the NOE aspects that Deniz et al.
(2019) addressed.
In a similar vein, Marti et al. (2017) conducted a case study that examined the NOE
understanding of high school teachers. In-service science teachers were enrolled in a graduatelevel course that instructed teachers on how to teach engineering in high schools. Teachers
developed engineering lesson plans and designed solar-powered water heaters or water treatment
systems using NGSS EDP. They reported two teachers' NOE views prior and at the end of the
course. Data was collected using open-ended NOE instrument (Deniz et al., 2017), semistructured interviews, and course assignments. Data were analyzed based on the rubric developed
by Deniz et al. (2017). Researchers found that teachers improved their NOE understanding at the
end of the course.
Similarly, Marti et al. (2018) conducted another study with middle and high school
teachers the following summer. In the next course designed for secondary science teachers,
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researchers added explicit NOE instructions as a different instruction strategy than the previous
year. The study indicated that teachers' NOE views showed slightly higher improvements with
explicit instruction in comparison to implicit instruction.
While few studies have investigated the in-service teachers' NOE views, even fewer have
examined pre-service teachers' understanding of NOE views. Kaya et al. (2017), for example,
assessed how participation in a three-week-long engineering education training, as part of an
undergraduate-level science teaching methods course, influenced PST NOE views. Eleven PST
participated in the study. Researchers presented the NOE aspects primarily through Lego
Mindstorms EV3 educational robotics sets. The goal of the research was to determine to what
extent PST NOE understanding changed after the engineering instruction with robotics. Kaya et
al. (2017) collected data using a written open-ended NOE questionnaire (Deniz et al., 2017) and
student engineering notebooks. Assessments were administered before and after the engineering
unit and analyzed qualitatively. At the beginning of the training, the pretests in the study
indicated that PST held uninformed NOE views. However, at the end of the engineering unit,
PST improved their NOE understanding. For example, PST addressed the definition of EDP in
detail, the influence of engineering in life, and the importance of creativity and imagination in
EDP. PST also described their experience in engineering as fun, creative, and engaging.
Marti et al. (2017), Marti et al. (2018), and Kaya et al. (2017) supported the findings of
Deniz et al., (2017) by using the Views of Nature of Engineering Questionnaire-Version A
(VNOE-A) as well. Although teachers' background and demographic information varied in these
studies, the findings of teachers' NOE conceptions were consistent with the previous research
that teachers overall held naive or partially-informed conceptions about NOE.
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However, teachers showed substantial improvements at the end of the interventions. It is
important to train teachers and provide PD to improve their NOE conceptions, as well as
showing NOE teaching methods explicitly and reflectively. Lack of understanding of the NOE
conceptions of teachers influence their engineering teaching and result in having students with an
incomplete understanding of NOE.
In conclusion, the research found consistent results with regard to NOE. K–12 students
and teachers hold incomplete NOE views. Specifically, elementary students hold a weak
understanding of NOE. Additionally, teachers, regardless of their experience, hold severe
misconceptions about NOE like students, especially at the elementary level (Deniz et al., 2017;
Kaya et al., 2017). On the other hand, teachers need to have adequate views of NOE to be able to
effectively integrate engineering into their teaching. Nevertheless, research states that welldesigned science teaching methods courses and PD sessions including explicit and reflective
activities to teach NOE can potentially improve teachers NOE views. Thus, it is important to
train teachers to increase their NOE understanding (Deniz et al., 2019).
Summary
This section reviewed the relevant literature reporting the benefits of pre-college
engineering education and the NOE. First, the rationale for the inclusion of engineering in precollege education was provided. Secondly, an overview of learners' engineering perceptions was
presented. After this, the research about the impact of engineering interventions was reported.
Pre-college engineering education was then argued with regards to the NOE, due to its important
role in preparing individuals who can make better-informed choices on complex 21st-century
issues.
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Pre-college engineering education has the potential to increase K-12 students’ interest in
engineering fields and to provide a holistic understanding of STEM fields. Prior research
highlighted that engineering stimulates understanding of other STEM disciplines (Cunningham
& Carlsen, 2014; Stohlmann et al., 2017). Engineering design challenges encourage
underrepresented students with their relevancy and motivate them to increase participation.
Engineering challenges provide opportunities to boost students' creativity and imagination as
well as improve their problem-solving capabilities (Cunningham & Carlsen, 2014). For example,
Newley et al. (2017) used EiE curricula to teach engineering design process (EDP) to fifth-grade
students. Students' engineering understanding increased at the end of the EiE units. Additionally,
students showed meaningful improvements in understanding the EDP. Since students are natural
tinkerers, their exposure to engineering design challenges holds promise for teachers to stimulate
students' interest in engineering.
Few research studies have been conducted that investigate how students and teachers
understand engineering. The literature revealed that students have uninformed engineering
perceptions. Likewise, research literature examining the IST and PST engineering perceptions
indicate that teachers hold incomplete views of engineering. For instance, both teachers and
students confuse engineering and science, and have an inaccurate understanding of EDP. Studies
also show that science teachers have low confidence in engineering education (Cunningham &
Carlsen, 2014; Katehi et al., 2009).
Recent research has shown that learners hold inadequate views of engineering. However,
understanding learners' prior views on engineering are important. For example, knowing
students' engineering preconceptions may help to design a pre-college engineering curriculum.
Understanding IST conceptions of engineering may guide in developing better engineering
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education professional development for teachers. Gaining information on PST engineering
perceptions is also crucial to modify science teaching methods courses to prepare PST to teach
engineering to their prospective students. The lack of understanding in the engineering
perceptions of teachers influences their science teaching and results in students with an
incomplete understanding of engineering (Cunningham & Carlsen, 2014).
Earlier studies reported for both students and teachers that learners hold weak
engineering views, but they did not provide any clues about the solution and implications that
addresses interventions to improve learners' engineering views. On the other hand, several recent
research studies investigated the engineering understanding of students and teachers before and
after engineering education training. Few of the studies investigated participants' engineering
perceptions after completing an engineering course or PD sessions. The research found
consistent results. Modifying current science teaching methods courses, providing professional
development, and organizing engineering classes help teachers and students improve their
understanding and positively impact pre-college engineering education (Cunningham & Carlsen,
2014). However, only training learners in engineering perceptions is not enough. Learners also
need to be provided opportunities to improve their understanding of NOE (Deniz et al., 2019;
Karatas et al., 2016).
Research emphasized that NOE is an essential topic in pre-college science education.
Students should learn and understand the NOE, which can be summarized as rules of the
engineering game. Particularly, NOE, accepted as the epistemological values of engineering
(Deniz et al., 2019; Hartman & Bell, 2017; Karatas et al., 2016). Furthermore, research studies
on NOE in K–12 education is not extensive, but scholars agree that learners hold weak NOE
views (Deniz et al., 2017; Kaya et al., 2017; Yesilyurt et al., 2018). For instance, the pre-test
55

findings from the Yesilyurt et al. (2018) study indicated that students hold misconceptions about
the NOE. Likewise, the pretest results in the Kaya et al. (2017) research also demonstrated that
PST have challenges in explaining NOE. Similarly, the Deniz et al. (2017) study indicated that
IST also struggled with NOE understanding at the beginning of intervention. However,
researchers found that students', IST, and PST NOE understanding showed rich improvement at
the end of the engineering instruction. Researchers agreed that in order to achieve the goals of
engineering education, the inclusion of the NOE should begin as early as possible. There should
be an emphasis on well-designed NOE curricula to transform science classrooms and include
NOE into science instruction. Similarly, researchers also emphasized that science teaching
methods courses should include extensive NOE content to train prospective teachers who hold
informed NOE views, since science teachers are the most critical individuals to deliver accurate
NOE instructions to students (Deniz et al., in press; Deniz et al., 2019).
Finally, research suggests that there is no distinct answer about how to teach key aspects
of NOE yet (Antink- Meyer & Brown, 2019; Cunningham & Kelly, 2017; Pleasants & Olson,
2019), but there is an emerging consensus on which NOE aspects should be incorporated in precollege engineering education (Deniz et al.; in press; Hartman & Bell, 2017; Yesilyurt, 2020).
However, research is lacking a valid and reliable assessment to understand learners' NOE
perceptions fully. There is, therefore, a research gap that needs to be studied in order to develop a
NOE instrument to examine learners' NOE understanding comprehensively (Deniz et al., 2019).
The methodology section aims to address the issue raised above.
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CHAPTER 3 CONTEXT AND METHOD
Introduction
The purpose of the present study was to develop a Nature of Engineering (NOE)
instrument that would help to examine learners’ NOE views. The following chapter is devoted to
describing how the researcher conducted a robust methodology to develop a valid and reliable
Views of Nature of Engineering – Version B (VNOE-B) questionnaire. The goal of chapter 3 is
to present the context and provide the details behind the methodology of the study in order to
respond to the research questions.
There were two primary research questions that guided the present study:
1) How do engineering experts and non-experts respond to the VNOE-B
questionnaire?
2) What are the similarities and differences, if any, between engineering experts’
and non-experts’ NOE views?
This chapter includes information about the context, systematic development, validation,
and use of a new instrument for measuring learners’ NOE views.
Context
Introduction
Supporting K-12 students and teachers in improving their understanding of the Nature of
Engineering (NOE) continues to be one of the main goals of K-12 engineering education, which
is supported by the release of Next Generation Science Standards (NGSS) (Cunningham &
Kelly, 2017; Deniz et al., 2019; Hartman & Bell, 2017; Pleasants & Olson, 2018). During the last
five decades, researchers have repeatedly underscored the importance of Nature of Science
(NOS) for K-12 science education (Lederman, 1992; Lederman et al., 2002; McComas et al.,
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1998). Similarly, learners need to know the NOE aspects in order to fully appreciate and
understand the epistemology of engineering knowledge (Hartman & Bell, 2017; Karatas et al.,
2011; Pleasants & Olson, 2018). Prompted by this requirement, some researchers have recently
explored students’ and educators’ perceptions of NOE, aiming to increase their appreciation of
this very important concept (Deniz et al., 2017; Kaya et al., 2017; Yesilyurt et al., 2018).
However, assessment of NOE understanding, which is a fundamental part of NOE research,
continues to be a problem (Deniz et al., in press). This has prompted increased interest in NOE
assessment development, especially pertaining to the learners’ NOE conceptions in K-12
engineering education. Given the need to further advance strategies employed in assessing NOE
understanding among students, in the proceeding sections, the following points will be discussed:
(a) identifying relevant NOE aspects that will guide the development of a NOE instrument and
(b) development of a more valid and reliable open-ended NOE instrument assessing the relevant
NOE aspects.
The focus was given to the information utilized in the development and validation of the
proposed VNOE-B. It is expected that the findings yielded by this research will guide the precollege engineering education community in helping learners to develop fully-informed NOE
understandings.
Nature of Engineering
The current NGSS mandates that students should develop sophisticated understandings
about the values and beliefs inherent to K-12 engineering education to become literate in
engineering (NGSS Lead States, 2013). The term “engineering literacy” was first introduced in
the context of K-12 STEM education (NAE, 2008). The growing emphasis on STEM subjects,
and engineering in particular, reflects the current stance that, from a relatively young age,
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students need to develop an understanding of the epistemology of engineering, in addition to
developing conceptual knowledge of engineering (Deniz et al., in press). NOE can be described
as a way of knowing that can be relied upon when solving technical problems. Many authors
argue that understanding NOE aspects is essential for engineering literacy in the same way that
understanding NOS concepts is fundamental to K-12 science teaching and learning (Deniz et al.,
2017; Karatas et al., 2011). Consequently, it is necessary to better understand students’ and
teachers’ views about NOE, as the findings yielded by such assessments can be utilized when
developing better engineering education (Pleasants & Olson, 2018). However, these aims can
only be achieved once a consensus among engineering experts on the NOE aspects relevant to
informing K-12 engineering instruction is reached (Hartman & Bell, 2017). These experts should
also be asked to provide input regarding the NOE aspects that should be incorporated into the
NOE instrument (Deniz et al., in press; Deniz et al., 2019).
The release of the NGSS has created a renewed sense of urgency with respect to
determining the NOE aspects that all students and teachers should be familiar with, and should
thus be incorporated into the assessment development. However, there is a paucity of research
studies exploring the NOE aspects that are taught in K-12 engineering education (Hartman &
Bell, 2017; Karatas et al., 2011; Pleasants & Olson, 2018), whereas NOS studies abound
(Lederman, 1992; Lederman et al., 2002; McComas et al., 1998). This disparity is partly due to
the fact that NOE research is still at its infancy and there is an unmet need for a valid and reliable
instrument assessing learners’ NOE views. Although NOE research is still in nascent stages,
some overlaps with NOS research are evident and can serve as a foundation for further progress
in this field of study (Deniz et al., 2017; Karatas et al., 2011).
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Much has been written about the NOS in science education literature within the last 100
years. Evidence of its importance has been designated to science education dates back to the start
of the 20th century (Lederman, 1992; Lederman et al., 2002; McComas et al., 1998). In 1907, for
example, the Central Association of Science and Math Teachers emphasized the necessity for
integration of the scientific inquiry and process in science lessons (Abd-El-Khalick et al., 1998).
Similarly, Dewey (1916) opined that understanding the methods of science is more critical than
understanding the science content knowledge. In the years following WWII, science education
rapidly gained prominence, resulting in NOS being recognized as one of the main objectives of
science education (Lederman, 2013). Having adequate views of NOS helps learners to make
informed and ethical decisions about scientific problems, as well as appreciate the importance of
science. NOS also supports learners in recognizing the benefits of science to society and culture,
as it helps them grasp the link between science and everyday world, which motivates many
individuals to pursue science careers or study science disciplines (Lederman, 2013; McComas &
Nouri, 2017). Yet, despite these ambitious goals, NOS education stagnated until the 1990s, when
several researchers voiced their concerns regarding the lack of emphasis on NOS in science
teaching (Duschl, 1994; Gallagher, 1991). In response, the importance of NOS in the science
curriculum was underscored by national educational reports that place NOS at the center of K-12
science education (AAAS, 1993; NGSS Lead States, 2013; NRC, 1996, 2012; Rutherford &
Ahlgren, 1991).
NOS is commonly described as the epistemological characteristics of science. Although
its precise definition remains a subject of debate among philosophers, historians, and
sociologists, who often hold different values and beliefs, a consensus between the K-12 science
educators on the NOS meaning has been reached, as indicated in the NSES and NGSS
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documents (Lederman et al., 2002; McComas et al., 1998; Osborne et al., 2003). The main NOS
aspects that are particularly relevant for K-12 education include the assertions that science
depends upon human creativity and imagination; it is tentative; it is subjective; it is not a solitary
pursuit; it is observational and experimental; it is socially and culturally embedded; and it is
inferential (Lederman et al., 2002; Osborne et al., 2003).
Extant NOS research reveals that students that have a comprehensive NOS understanding
hold positive attitudes toward science and are motivated to study scientific subjects (Lederman,
1992; 2013; Lederman et al., 1998; McComas, 1996; McComas & Nouri, 2017). A similar claim
can be made in case of engineering education. Indeed, it has been widely argued that having a
complete understanding of NOE may improve students’ attitudes towards engineering not only
as a study topic, but also as a career choice. In the rapidly developing and increasingly globalized
world driven by technology, it is also believed that adequate NOE understanding may allow
students to make more informed decisions, as well as make a distinction between science and
engineering (Cunningham & Higgins, 2015; Cunningham & Kelly, 2017). For example, having
informed views of NOE will familiarize students with the work of engineering professionals,
allowing them to appreciate their contribution to society regardless of students’ decision to study
engineering or a completely unrelated subject. Additionally, better NOE understanding will help
learners to understand NOS as well (Antink-Meyer & Brown, 2019; Karatas et al., 2011).
Unlike NOS, consensus on NOE conceptions is presently lacking. In recognition of this
issue, several researchers have attempted to create a list of the key NOE aspects by adopting
different methodologies, such as tapping into earlier NOS studies (Karatas et al., 2011),
conducting a Delphi study (Hartman & Bell, 2017; Yesilyurt, 2020), and via a careful
examination of NGSS and the K-12 Science Framework (Deniz et al., in press). As a part of one
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of the earliest efforts in this field, Karatas et al. (2011), for example, identified the NOE aspects
by conducting a thorough review of literature focusing on the history and philosophy of
engineering education. Based on their findings, the authors defined NOE as a multidimensional
construct that reflects upon the history, philosophy, and sociology, thus drawing parallels with
NOS. According to the authors, NOE conceptions include: (a) systematically designing products
by using the EDP, (b) using scientific and mathematical knowledge, (c) being affected by the
society and culture, and in turn, transforming the society and culture, (d) adopting an iterative
design approach by considering criteria and constraints, (e) being tentative, (f) being subjective
as there is no perfect design and solutions vary, and (g) being creative. Karatas et al. (2011)
highlighted these NOE aspects before the release of NGSS.
In their more recent work, Hartman and Bell (2017) reported on a Delphi study based on
which they arrived at the NOE aspects that are K-12 relevant, according to the consensus by an
expert panel of science and engineering educators that took part in their nature of engineering
investigation, namely: (a) iterative nature of engineering design process, (b) the tentative nature
of engineering design solutions, (c) connections with mathematics, technology and science, (d)
the role of creativity and imagination in engineering design process, (e) the impact of social and
environmental factors on engineering design process, (f) collaborative work, and (g) the
importance of communication skills and consideration of ethical issues (Hartman & Bell, 2017).
In a similar vein, Deniz et al. (in press) identified the key NOE aspects via a detailed
examination of K-12 Science Framework and NGSS, as both resources included NOE aspects,
despite not explicitly referring to this term. When generating their list, these researchers
extracted the embedded NOE aspects (see Appendix A for the definitions of NOE aspects)
relevant to K-12 engineering education from these K-12 science policy documents. Next, Deniz
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and colleagues requested feedback of the panel of engineering education experts on their
findings. The discussions on individual NOE aspects were held iteratively until the expert panel
reached a consensus on the K-12 relevant NOE aspects, which are provided in Appendix A.
In the present study, the NOE aspects presented in Appendix A provided the foundation
and the framework of the Views of Nature of Engineering – Version B (VNOE-B) questionnaire
development, which was guided by the extant literature on the NOS instrument development
(e.g., Lederman et al., 2002).
Instrument Development
Having informed views on NOE is necessary for students to develop a more sophisticated
understanding of engineering and to motivate them to pursue engineering careers. Thus, it is
highly important to be able to objectively assess their NOE understanding, which requires
reliable assessment instruments. Information yielded by such initiatives may aid in curriculum
design, as well as guide production of textbooks, and help in developing professional
development and training programs that can improve learners’ NOE understanding (Deniz et al.,
2019; Pleasants & Olson, 2018). However, given that NOE research is still in the initial stages,
valid and reliable NOE assessment tools are lacking (Deniz et al., in press; Deniz et al., 2019).
Hence, the goal of the present study was to develop one such instrument with the help of an
expert panel. In the sections that follow, a brief historical trajectory of the NOS instruments is
presented. This is followed by a review of existing open-ended NOE instruments that rely on
interviews to augment the data yielded by the questionnaires. Their key benefits and drawbacks
are discussed, as this ensured that the newly developed VNOE instrument was built on the extant
NOE instruments without falling into similar pitfalls, as this information served as the foundation
when developing the new VNOE-B instrument.
63

Problems with the Multiple Choice and Likert Type Instruments and VNOS
Development. Currently, no instrument aimed at measuring learners’ NOE views is based on
multiple-choice items or those that require responses on a Likert-type scale. As stated earlier,
there are many similarities between NOE and NOS, which can be capitalized on when designing
standardized instruments for NOE. Thus, it is important to delineate the issues with the earlier
NOS standardized assessments. Throughout the NOS history, researchers have investigated
learners’ NOS views by using a variety of assessment tools (Driver et al., 1996). Early NOS
assessment instruments typically required responses to multiple-choice questions or involved
Likert-type scales (Lederman et al., 2015; McComas, 1998). These instruments were easy to
implement and the obtained data could be quickly processed, as they yielded numerical scores
that were meant to represent learners’ NOS understanding. However, given the results yielded
were generally reported with numerical scores, it is likely that the instrument design was
inappropriate for accurately assessing individual NOS understanding (Lederman et al., 2014).
In other words, validity was the main issue with these instruments, as it was impossible to
ascertain whether they actually assessed NOS views. Indeed, given that the items included in
these instruments were guided by the assumptions, conceptions, and perceptions of the
instrument developers, the responses that the participants provided were implicitly affected by
these views (Lederman et al., 2014). Another source of concern pertained to the subjectivity of
these instruments, as the respondents merely indicated whether they agree or disagree with the
statements formulated by the instrument developers, without being given an opportunity to share
their own NOS views (Lederman et al., 2015). This issue was not alleviated by the use of Likert
scale, as it still limited the range of responses that participants could provide. Finally, instrument
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efficacy and practicality were also deemed by some researchers as inadequate. Although they
could potentially yield useful information if applied to larger samples, their utility was limited
when administered to a smaller number of students, as they were simply assigned to either
informed or uninformed categories, without explicating the reasons behind such classification.
Furthermore, as large-scale studies are usually unfeasible, standardized assessments minimize
the opportunity to elucidate respondents’ NOS views, which further limits the potential for
drawing meaningful conclusions about the efficacy of interventions that inform science teaching
and learning (Lederman et al., 2014; Lederman et al., 2015).
However, it is important to highlight that some exceptional instruments that are free of
the aforementioned problems have been designed, such as Views–on–Science–Technology–
Society (VOSTS) assessment developed by Aikenhead et al. (1989). The main advantage of this
multiple-choice assessment derives from the inclusion of probes that need to be supported with
respondents’ views and positions. This instrument has been empirically validated in the
Canadian and Western context. However, when administered elsewhere, it still suffers from the
problems discussed earlier (Lederman et al., 2014; Lederman et al., 2015).
Poorly designed NOS instruments lack the capacity to reveal learners’ NOS
understanding and are criticized due to misalignment with the core NOS aspects that have been
agreed upon by experts. Thus, it is necessary to design an open-ended instrument that should be
coupled with interviews in order to attain a true picture of individual students’ and teachers’
NOS understanding. This prompted Lederman and his group to develop the Views of Nature of
Science (VNOS) instrument, which was a result of extensive research and has since been subject
to several revisions (Lederman et al., 2002). VNOS-C, for example, is the latest version of the
survey, and is a 10-item open-ended NOS assessment tool that should be used in conjunction
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with semi-structured interviews. The authors also developed interview protocols to assist the
instrument administrators in prompting participants to provide examples in order to elaborate on
their written responses. VNOS allows researchers to extract solid information about learners’
NOS conceptions based on their articulated responses pertaining to each NOS aspect, which was
impossible to achieve with a numerical score. When VNOS is used, the combination of interview
responses and instrument data can be used to create individual NOS profiles that can
subsequently be categorized into “partially informed” or “informed” groups for each NOS
aspect, thus reflecting the level of learners’ NOS understanding of a wide range of concepts. For
example, a student that receives the “informed” score on the creativity and imagination NOS
aspect would indicate that scientists use creativity and imagination throughout their scientific
investigation. Additionally, an “informed” score would require participants to give examples
supported with justification. Lederman et al. (2002) also recommended the use of
naïve−emergent−informed titles as a continuum to keep track of learners’ level of NOS
understanding. Thus, the introduction of the VNOS instrument was a true paradigm shift in the
efforts to determine learners’ NOS views (Lederman et al., 2002).
In summary, earlier NOS instruments were lacking in objectivity and often reflected the
biases of the researchers, rendering them ineffective in determining learners’ NOS views. Given
that each participant would be assigned a single score, it was impossible to accurately interpret
learners’ NOS conceptions, thus hindering the design of training programs aimed at addressing
learners’ misconceptions (Lederman et al., 1998). However, VNOS-C overcame these limitations
(Lederman et al., 2002).
Given the many parallels between NOE and NOS, extant NOS literature provides a solid
foundation for developing the VNOE. Since the release of NGSS, engineering became an
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essential part of K-12 science education, it became necessary to enhance learners’ understanding
of NOE concepts. However, this could only be achieved by developing a valid instrument that
can fully reflect K-12 students’ and teachers’ NOE understanding. By developing a VNOE
questionnaire based on expert input, the present study may contribute to K-12 engineering
education. In line with the VNOS development, the developed VNOE instrument was openended and was supplemented by interviews. Further details on the development of a new VNOE
instrument are given in the subsequent sections.
Earlier NOE Instruments. Given the aforementioned issues with extant NOS
instruments, it is essential to evaluate the existing NOE instruments to avoid similar pitfalls in
developing and validating an open-ended VNOE questionnaire that is suitable for K-12 science
and engineering education. It should be noted that the views shared in this section are not
intended as criticism, but rather aim to underscore how the work of other researchers in this field
influenced the VNOE questionnaire development, and to identify the NOE assessment
components that need to be revised in order to extend the NOE research further. A thorough
literature review revealed that the currently available NOE instruments are ineffective in
assessing learners’ NOE perceptions. Their shortcomings were partially rectified in the newly
developed VNOE questionnaire. Indeed, Deniz et al. (2017) criticized the credibility of the
extant NOE assessments, claiming that none can achieve sufficient validity. Thus, the authors
developed the VNOE instrument that served as the basis for the current research.
Karatas et al. (2016) − Views of Nature of Engineering. In response to the problems
affecting the existing assessment tools aimed at elucidating learners’ NOE understanding,
Karatas et al. (2016), and later Deniz et al. (2017), developed open-ended NOE instruments that
were recommended for use in conjunction with interviews. Specifically, in developing their 1267

item Views-of-Nature-of-Engineering (VNOE) instrument, Karatas et al. (2016) sought input
from freshman engineering students. Their responses were thematically analyzed by the
researchers, resulting in six NOE categories: (1) what engineering is (definition and purpose of
engineering), (2) the Engineering Design Process (EDP), (3) tenets of completed engineering
products, (4) attributes of high-end engineering products, (5) qualities of good engineers, and (6)
demarcation aspect (difference between science and engineering). In sum, this particular VNOE
questionnaire targeted the NOE aspects, such as the definition of engineering, the purpose of
engineering, the engineering design process aspects, the typical responsibilities of an engineer,
collaboration between engineers (social aspects of engineering), the characteristics of
engineering, and the similarities and differences between science and engineering.
However, some of the NOE aspects listed in Appendix A were not addressed, such as the
multiple solutions aspect. In addition, some shortcomings of this work must be highlighted, such
as: (a) the written responses to the instrument were relatively short, (b) researchers conducted
interviews with small number of students to extract full meanings of NOE understandings—thus
introducing validity issues—which might have hindered accurate interpretation of the written
responses, and (c) the methodology adopted by the authors was inadequately described.
Specifically, no information was provided in the article on the content and construct validity of
the VNOE questionnaire, which could have been achieved via collaboration with a more diverse
expert panel, while only three researchers from different fields provided input in this case. For
example, the authors underscored that the engineering expert panel approved the choice of the
VNOE items without giving any details on how this process took place and what the degree of
agreement was.
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Nonetheless, this study might be useful in a higher education context. Still, given that the
NOE aspects were based on the university students’ views, some are unrelated to K-12 science
and engineering education. Thus, assessing teachers’ NOE views using this instrument is
unlikely to yield reliable results. Consequently, reliability and validity of the instrument when
administered to pre-college teachers and students needs to be determined through further
research. Moreover, in addition to examining the validity and reliability of the items, the
instrument could be further improved through further revision based on a greater body of
empirical evidence. It would also be beneficial to pilot test the instrument content by
administering the VNOE to a group of learners for whom it was designed. In sum, this
instrument should be treated as a starting point for further validation studies. Nonetheless, this
article is an excellent resource for those interested in the assessment of NOE understanding and
provides a valuable contribution to the NOE instrument development research.
Views of Nature of Engineering Instrument (VNOE) – Version A. Deniz et al. (2019)
also developed an open-ended NOE instrument, aiming to avoid the previously delineated
pitfalls of standardized instruments. Their VNOE consisted of seven items and was developed by
modifying the VNOS-C instrument by adopting a four-stage procedure. First, the key NOE
aspects were defined based on the NOE literature, K-12 Science Framework and the NGSS
(Appendix A). Second, NOE aspects were examined iteratively by seeking input from six
engineering experts whose feedback was used to make the necessary modifications. Descriptions
were clarified until the panel reached at least 90% agreement on the proposed NOE aspects.
Third, NOE questionnaire items were created based on the NOE aspects and adaptation of
VNOS (Lederman et al., 2002). Finally, the NOE questionnaire was administered to in-service
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elementary teachers who subsequently took part in individual interviews to ensure instrument
validity. The instrument items were as follows:
1.

What, in your view, is engineering? What makes engineering different from other
disciplines (e.g., science, philosophy, religion)?

2.

How do you define the work of an engineer? What do engineers do?

3.

What is the engineering design process?

4.

After engineers have developed an engineering design does the design ever
change?
a.

If you believe that engineering designs do not change, explain why.
Defend your answer with examples.

b.
5.

If you believe that engineering designs do change, explain why.

Do engineers use their creativity and imagination during the engineering design
process?
a.

If yes, then at which stages of the engineering design process do you
believe that engineers use their creativity and imagination: identifying the
problem; developing the design conceptually; constructing the design,
testing the design; refining the design? Please explain why engineers use
creativity and imagination. Provide examples if appropriate.

b.

If you believe that engineers do not use creativity and imagination, please
explain why. Provide examples if appropriate.

6.

Some claim that engineering is infused with social and cultural values. That is,
engineering reflects the social and political values, philosophical assumptions,
and intellectual norms of the culture in which it is practiced. Others claim that
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engineering is universal. That is, engineering transcends national and cultural
boundaries and is not affected by social, political, and philosophical values, and
intellectual norms of the culture in which it is practiced.
a.

If you believe that engineering reflects social and cultural values, explain
why and how. Defend your answer with examples.

b.

If you believe that engineering is universal, explain why and how. Defend
your answer with examples.

7.

Can there be a single best design for an engineering solution?
a.

If you believe that there is a single best design for a solution, please
explain why.

b.

If you believe that there is not a single best design for a solution, please
explain why (Deniz et al., 2019).

Deniz et al. (2019) used the VNOE instrument to assess the NOE views of 30 in-service
elementary teachers. First, the participating teachers completed the written VNOE questionnaire,
after which 18 of these teachers were interviewed, allowing them to elucidate their responses, as
well as help researchers to interpret teachers’ responses accurately (Lederman et al., 2002).
Moreover, their responses were reviewed by the first three authors, who reached a consensus on
the interpretation and scoring.
Deniz et al. (2019) also recognized the limitations of their study, stating that the
instrument items do not target some of the NOE aspects (e.g., empirical and social NOE aspects).
Thus, they called for a revision of the proposed VNOE instrument, which should be aimed at
increasing the number of items while addressing the aforementioned deficiencies. The
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researchers also acknowledged that, even though the NOE aspects were reviewed by an expert
panel, its composition could have been more diverse.
Deniz et al.’s (2019) VNOE questionnaire was adopted in subsequent studies focusing on
pre-service elementary teachers (Kaya et al., 2017), in-service high school science teachers
(Marti et al., 2017), and in-service secondary school science teachers (Marti et al., 2018). The
instrument’s validity was strengthened as a result of these studies, but such validation remains an
ongoing process. It is noteworthy that the findings yielded by the analysis of the written NOE
responses were mostly aligned with the answers provided during the follow-up semi-structured
interviews. In their study, Marti et al. (2017) not only asked the participating teachers to explain
their responses and thus clarify specific NOE aspects, they also probed into teachers’ vague
responses with the follow-up questions. Throughout the data analysis, the researchers improved
their skills, allowing them to interpret the participants’ responses more accurately, aiming to
convey the teachers’ perspectives. Hence, it can be concluded that the VNOE instrument
developed by Deniz et al. (2019) was the first step towards developing a more valid instrument
for assessing teachers’ NOE views.
In sum, the open-ended NOE instrument developed by Deniz et al. (2019) represents a
pioneering attempt at assessing teachers’ NOE views in a comprehensive and valid manner. This
instrument is consequently considered the first form of the VNOE. In the development of the
new questionnaire as the goal of the present study, the aim was to address the aforementioned
limitations, and specifically improve the face and content validity, as well as the construct
validity of the VNOE items proposed by Deniz et al. (2019).
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Methods
In this section, the strategy adopted when designing the instrument for assessing
teachers’, students’, and other learners’ NOE conceptions based on the findings yielded by extant
studies in this field and the pertinent context is presented, before describing the data collection
phase, and the qualitative data analysis procedures. The methodology adopted was guided by the
recommendations provided by Lederman et al. (2002) to ensure that the final version of the
instrument is valid and reliable. In the sections that follow, the steps that were taken when
developing an open-ended instrument that meaningfully assesses the targeted NOE aspects in
K−12 engineering education are delineated in detail.
The main NOS and NOE aspects share some similarities, but there are also some notable
differences. For example, both science and engineering require creativity and imagination.
However, while the primary goal of science is explaining natural phenomena (McComas, 1998),
engineering is aimed at solving human problems by producing technology or processes in a
systematic way (Cunningham & Kelly, 2017; Pleasants & Olson, 2018). Although the term NOE
was not specifically mentioned in the NRC Framework (NRC, 2012) or the NGSS (NGSS Lead
States, 2013), both documents include explicit or implicit references to the core NOE ideas. As
previously noted, no agreed-upon list of NOE ideas relevant to K−12 education presently exists,
but those reported in current literature generally exhibit many overlaps. For the purpose of the
present study, the list of NOE ideas pertinent to K−12 education developed by Deniz et al. (in
press) was utilized, as it was compiled through a careful review of NRC (2012) and NGSS Lead
States (2013). These NOE aspects were subsequently reviewed by an expert panel to reach a
consensus on the key NOE aspects relevant to K−12 education (Deniz et al., in press). It should
be acknowledged that these aspects are not new, as NOE has been extensively debated during the
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last decade. Nonetheless, they are still relatively new when compared to the NOS research. As
indicated in Appendix A, the general aspects of NOE include, but are not limited to: (1)
demarcation, (2) creativity and imagination, (3) multiple solutions, (4) engineering design
process, (5) social and cultural embeddedness, (6) social and collaborative, (7) empirical
(testing), (8) failure-laden, and (9) criteria and constraints.
The VNOE-B questionnaire that was developed as a part of the present investigation
targeted these specific NOE aspects. In addition, the VNOS-C development methodology
(Lederman et al., 2002) adopted and replicated in all phases of this research, including the
development, validation, and the administration of the new NOE assessment tool to measure the
participants’ NOE understanding (Figure 1). More specifically, robust methods were utilized
during the VNOE-B questionnaire development, similar to those Lederman et al. (2002) adopted
when developing the VNOS. As indicated in Figure 1, these steps included (a) review of the
VNOE questionnaire and the proposed NOE aspects by a panel of experts consisting of science
and engineering education professors to establish content and face validity, (b) a try-out study
that involved administering the instrument to a small group of individuals that closely matched
the characteristics of the target audience, and (c) administration of the VNOE questionnaire to
both engineering experts and novices to establish construct validity via a comparison of their
responses.
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Figure 1. VNOE-B instrument development stages.

The framework for VNOS-C development for pre-college education guided the data
collection and analysis. The VNOE-B questionnaire was developed by using the steps similar to
those adopted by Lederman et al. (2002) in the VNOS-C questionnaire development.
Specifically, the questionnaire items were developed based on the NOE aspects comprising the
framework proposed by Deniz et al. (in press) and the key findings reported in pertinent NOE
literature, and were subsequently reviewed by an engineering education expert panel before
conducting a pilot study (Schwartz et al., 2008). The questionnaire responses and feedback
provided by the pilot study participants was used to revise the instrument to improve clarity.
After these revisions, the VNOE-B questionnaire was administered to a full sample of expert and
novice groups. Next, follow-up interviews were conducted, as a part of which clarification of the
participants’ written responses were sought, thus validating their questionnaire responses, as
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suggested by Lederman and O'Malley (1990). The differences between the responses offered by
the expert and novice groups provided evidence on the construct validity of the VNOE-B (Bell,
1999).
Step 1 − Expert Panel
The sample for the proposed study included anonymous experts, as their
recommendations provided a higher degree of validity (Osborne et al., 2003), which contributed
to decision making during instrument development. Expert panel members did not interact with
each other and responded to the VNOE–B questionnaire development without seeing each other
face-to-face, allowing them to contribute to the instrument development anonymously, which has
been found to increase the quality of input, as expert panel members were not influenced by
responses from other panel members. This approach also included expert panel members from
geographically distant locations.
The expert panel included researchers and educators of science who had engineering
education experience, as well as pre-college engineering education experts. The following
criteria were applied when assessing their suitability for inclusion: (a) a PhD in science and/or
engineering education; (b) at least two peer-reviewed publications on the topic of K−12
engineering education within the last three years, and (c) participation or a membership in a
professional engineering education community, such as American Society of Engineering
Education (ASEE) conference, or Pre-College Engineering Education (PCEE) division and/or
Technological and Engineering Literacy − Philosophy of Engineering (TELPhE) division.
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Table 2: Expert Panel Demographics
Field

Place of Employment

Rank

Years of
Experience

Science Education
Engineering
Education

University:
College of Education

Professor

10−15

Science and Engineering
Education

University: School of Engineering
Education

Professor

15+

Engineering Education

University:
Department of Engineering Education

Associate
Professor

15+

Engineering Education

University:
College of Education
College of Engineering

Professor

15+

Science and Engineering
Education

University:
College of Sciences

Assistant
Professor

3−5

Engineering Education
Life Sciences

University:
College of Education
College of Sciences

Assistant
Professor

3−5

K−12 engineering, science and engineering education faculty who fit in the criteria were
invited to participate to establish a diverse community of experts. More specifically, the expert
panel consisted of six (three men and three women) college professors from higher education
institutes in five U.S. states and Turkey. Two of these experts were tenure-track assistant
professors, one was a tenured associate professor, and the remaining three were tenured
professors. All expert panel members held science and/or engineering education PhDs, while
three also had either undergraduate and/or master’s level graduate diplomas in biology, physics,
math, and/or engineering (see Table 2). All experts were employed in schools of education,
schools of engineering education, or college of science and engineering at the time of their
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participation in the expert panel. Moreover, each individual had authored at least two
presentations, publications on K−12 engineering education, and/or epistemology of engineering
and technology; had previously taught subjects in K−16 engineering education; and/or had
published books in engineering education.
The NOE aspects and the VNOE-B items (which are not mutually exclusive) were
adapted from the study conducted by Deniz et al. (2019) and Deniz et al. (in press), as discussed
in the preceding section. Thus, the expert panel was required to critically review each NOE
aspect and questionnaire item regarding their alignment and relevance. The modified VNOE-B
items were open-ended in order to gauge learners’ views of the NOE aspects. For each item,
participants were instructed to provide examples to support their responses. As the instrument
was revised and improved based on the input of the expert panel, this contributed to and
enhanced the VNOE-B face and content validity. Suggested modifications included deleting one
NOE aspect considered irrelevant, and revising the wording of some VNOE-B items and aspects.
For example, one expert criticized the “tentativeness” aspect, stating the following:

I don't think the "tentativeness" title works here. The designs are not "tentative." The
rotary telephone was not a "tentative" design—it was the best/most used design at the
time. Then new designs were created. There are many solutions to a problem and new
problems surface. I do not think this bullet captures the most important element of
engineering and would not use it. Instead, I would focus on the fact that engineering
problems have a number of possible solutions. These solutions can change with context,
location, values, and over time.
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As other expert panel members provided similar feedback, “tentativeness” was excluded
from the NOE list. After reviewing the feedback provided and making the recommended
changes, VNOE-B validity was further established through semi-structured interviews. The NOE
aspects that were retained following this process were chosen due to their K−12 relevance, as
many were extracted from the K−12 Science Framework and NGSS, and were supported by the
engineering education experts (Deniz et al., in press). The final list of NOE aspects after the
revision included:
1. Engineering is systematically engaging in the practice of design to achieve solutions
for specific problems.
2. Engineering is not a solitary pursuit.
3. Engineering design includes three component ideas: Define, Design, and Optimize.
4. Engineers must contend with a variety of limitations, or constraints, when they engage
in design.
5. Failure in engineering design is inevitable and provides opportunities for improving
design solutions.
6. Engineers optimize their design solutions and compare alternative solutions based on
evidence obtained from test data.
7. Creativity and imagination of engineers play a major role during the engineering
design process.
8. There is no unique solution to an engineering design problem. Engineering solutions
are influenced by the culture, background, and experience of engineers and the market.
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Engineering design solutions can be revised to better achieve the desired goal or they can be
revised to satisfy different criteria.
9. Sociocultural factors influence the engineering design process, and in turn,
engineering influences society.
Appendix A provides more detailed information on these NOE aspects, all of which were
chosen and worded based on the agreement among the expert panel members. Moreover, face
and content validity of the VNOE-B items were established via a critical review of the items by
the expert panel regarding the items’ precision and accuracy in targeting the NOE aspects, as
well as the clarity and appropriateness of all questionnaire items. The expert panel also clarified
confusing terms and proposed changes in order to modify poor wording or eliminate technical
jargon in the VNOE-B questionnaire items. Based on the expert panel’s suggestions, VNOE-B
was modified before proceeding with the try-out study.
Step 2 – Try-out Study
The VNOE-B questionnaire was pilot-tested by administering the instrument to four
participants. The goal of this process was to determine the VNOE-B questionnaire’s validity, the
ease with which the instrument can be understood, and the time it takes to complete it, in order to
finalize all implementation aspects before commencing the main data collection. Given the
number of items and the nature of the expected responses, the VNOE-B assessment took
approximately 25−35 minutes to complete. Following the written assessment, participants were
interviewed to elaborate on their ideas and comment on the clarity of the NOE items. The
information obtained during the individual interview sessions was analyzed to provide further
evidence on the validity and the clarity of the instrument items (Osborne et al., 2003).
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The written responses to the open-ended VNOE-B questions and the information
individual try-out study participants shared during the follow-up interviews were used to practice
administering the survey. During the interview, the try-out study participants were also asked to
identify any unclear items, and explain why they felt that the wording should be revised. All the
recommendations and suggestions obtained during the try-out study were reviewed, and the
instrument was modified accordingly, thus further enhancing the instrument validity.
After pilot testing the VNOE-B, the questionnaire was modified, and the revised version
was administered to the novice and expert group participants to establish its construct validity.
After the final revision, the VNOE-B items were worded as follows:
1. What in your view, is engineering? What makes engineering different from other
disciplines (e.g., science, math, architecture)? Defend your answer with examples.
2. Describe how working with teammates might contribute to the outcomes of
engineering. Discuss the advantages and disadvantages of working with teammates.
Support your answer with examples.
3. Engineers engage in various processes to solve problems. Describe the processes
they might use as they seek solutions to the problem with a concrete example.
4. Engineers need to balance competing criteria and constraints when solving
engineering problems. Using an example, explain some of the various factors that
engineers often need to consider as they design.
5. In your opinion, what is the role of failure in the engineering design process? Explain
your answer with a concrete example.
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6. How do engineers know that their design solutions meet the required criteria and
constraints as they engage in engineering design? Explain your answer with an
example.
7. How do engineers use their creativity and imagination throughout the engineering
design process? Explain your answer with an example.
8. Why do you think there is a variety of products in the market designed to solve the
same problem? Explain your answer with an example.
9. Some claim that engineering is infused with social and cultural values. That is,
engineering reflects the social and political values, philosophical assumptions, and
intellectual norms of the culture in which it is practiced. Others claim that
engineering is universal. That is, engineering transcends national and cultural
boundaries and is not affected by social, political, and philosophical values and
intellectual norms of the culture in which it is practiced. What do you believe? Does
engineering reflect social and cultural values, if so, how and why? Is engineering
universal? If so, how and why? Use examples to support your response.
Step 3 − VNOE-B Administration to Novice and Expert Group Participants to Establish
Construct Validity
Participants. As a part of an attempt to develop an empirical NOE instrument, the
construct validity of the VNOE-B was also assessed. If VNOE has construct validity, experts and
novices would be expected to respond differently to the VNOE-B items (Bell, 1999; Lederman et
al., 2002). Participants in this research study comprised of novice and expert groups. The novice
group included 15 pre-service and/or in-service elementary teachers who were enrolled in the
Elementary Science Teaching Methods course offered during the Spring 2020 term in a very
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high research activity southwestern university. Expert group participants consisted of 12
engineering educators and professional engineers who work in the higher education institutions
or industry in the US and Europe.
As the researcher was also the course instructor, novice group participants were recruited
by in-class solicitation. The Elementary Science Teaching Methods course was mandatory for all
pre-service elementary teachers who were in their senior year or in-service elementary teachers
who followed certification path in elementary education through masters’ degree for a bachelor’s
or master’s degree credit. The course addressed topics such as NOS, lesson planning, inquirybased science teaching, integrating science with other disciplines, technology in science
teaching, computational thinking, evaluation in science teaching, NGSS standards, makerspaces,
and engineering in elementary classrooms. Both bachelor’s and master’s students participated in
the same weekly classroom activities and were required to submit the same assignments, such as
lesson plans and digital science simulations, games, or stories. However, data for this study was
collected before the engineering instruction but after the NOS unit.
To commence the recruitment for the study, at the start of the sixth week of the Spring
2020 semester, students attending the Elementary Science Teaching Methods course were
provided an announcement through the Canvas Learning Management System that explained the
purpose of the research, and how to volunteer to participate in the study. Written VNOE-B in
conjunction with a demographics survey was administered to the individuals that consented to
take part in the study during the class, and time was scheduled to conduct individual follow-up
interviews. As a part of the demographics/background survey, volunteers provided information
about their education, with an emphasis on their familiarity with engineering. These biographical
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data points were used to characterize novice group participants according to their degree and
relevant engineering experience.
Even though 15 novice group participants completed the written VNOE-B, only eight
follow-up interviews could be arranged due to the impact of COVID-19.
Participants for the expert group were chosen in a similar manner to that described above.
Volunteers were sought through listservs, institutions, and industrial networks. In addition,
telephone calls, social networking tools (i.e. WhatsApp, LinkedIn, and Facebook), and mass emailings were employed, and individual contacts were initiated through the investigator’s
personal network. Several criteria were employed when selecting the expert group members.
First, if the expert was an engineering or engineering education researcher, he/she was expected
to hold a PhD in engineering or science/engineering education. If the expert was not an
engineering researcher but an engineer practitioner, he/she was expected to hold an MS degree in
engineering and have at least five years of experience in the field, or hold a BS degree in
engineering and have at least ten years of experience in the field. Second, researchers were
expected to have at least two peer-reviewed manuscripts pertaining to engineering and/or
engineering education published within the last three years, or be active participants in or
members of a professional engineering community, such as American Society of Engineering
Education (ASEE) conference, or Pre-College Engineering Education (PCEE) division and/or
Technological and Engineering Literacy − Philosophy of Engineering (TELPhE) division.
Practitioner engineers, engineering researchers, and science and engineering education faculty
meeting the aforementioned criteria were considered to establish a diverse group of experts
required for the present study.
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As participant attrition can undermine the quality and validity of research findings,
additional volunteers were invited to take part in the study. Nonetheless, 12 expert group
members and 15 novice group members were deemed sufficient for identifying patterns in the
gathered data, without making the data collection and analysis process unmanageable (Bell,
1999; Schwarz et al., 2008).
Prior to the data collection, the broad purpose of the research, the IRB approval, the
nature of their involvement, the type of data collected, and approximate duration of their
participation was outlined to both novice and expert group participants. They were also reminded
that their participation was voluntary and they could withdraw at any time or refuse to answer
any questions. The expert group participants were also asked to submit a recently updated
curriculum vitae. These documents (CV and demographics survey) were used to classify the
volunteers into the expert and the novice group accurately. For example, engineering faculty,
engineering education faculty, science education researchers, science faculty, software engineers,
mechanical engineers, civil engineers, etc. were assigned to the expert group, while others were
placed in the novice group. However, while an elementary teacher would be considered a novice
group member, if he/she held a bachelor’s degree or minor in engineering, he/she would be
disqualified.
Data Collection and Analysis. Engineering experts were expected to possess a more
comprehensive NOE understanding relative to the novice group. As previously explained, both
groups responded to the written VNOE-B (reproduced in full below) and majority of the
participants attended individual follow-up interviews (Bell, 1999; Lederman & O'Malley, 1990).
The data collected via the VNOE-B questionnaire and semi-structured interviews was used to
answer the research questions of the study.
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Views on the Nature of Engineering – Version B (VNOE-B) Questionnaire Instructions
● Please answer each of the following questions. Include relevant examples whenever possible.
● There are no “right” or “wrong” answers to the following questions. We are only interested in
your opinion on a number of issues about engineering.

1. What in your view, is engineering? What makes engineering different from other
disciplines (e.g., science, math, architecture)? Defend your answer with examples.
2. Describe how working with teammates might contribute to the outcomes of
engineering projects. Discuss the advantages and disadvantages of working with
teammates. Support your answer with examples.
3. Engineers engage in various processes to solve problems. Describe the processes they
might use as they seek solutions to the problem with a concrete example.
4. Engineers need to balance competing criteria and constraints when solving
engineering problems. Using an example, explain some of the various factors that
engineers often need to consider as they design.
5. In your opinion, what is the role of failure in the engineering design process? Explain
your answer with a concrete example.
6. How do engineers know that their design solutions meet the required criteria and
constraints as they engage in engineering design? Explain your answer with an
example.
7. How do engineers use their creativity and imagination throughout the engineering
design process? Explain your answer with an example.
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8. Why do you think there is a variety of products in the market designed to solve the
same problem? Explain your answer with an example.
9.

Some claim that engineering is infused with social and cultural values. That is,
engineering reflects the social and political values, philosophical assumptions, and
intellectual norms of the culture in which it is practiced. Others claim that engineering
is universal. That is, engineering transcends national and cultural boundaries and is
not affected by social, political, and philosophical values and intellectual norms of the
culture in which it is practiced. What do you believe? Does engineering reflect social
and cultural values, if so, how and why? Is engineering universal? If so, how and
why? Use examples to support your response.

Data analysis commenced with the generation of descriptive profiles of the novice and
expert group participants based on their responses to written VNOE-B and follow-up interviews.
To address the first research question: How do engineering experts and non-experts respond to
the VNOE-B questionnaire? Each expert and novice response was treated as a single independent
case and was analyzed qualitatively by using MaxQDA application. Patterns across participants’
VNOE-B responses were sought to develop the profiles of the all novice and expert group
members based on targeted NOE aspects. The resulting descriptive findings and more detailed
demographics information about the participants are reported later in this dissertation, along with
the representative excerpts.
As the goal of the newly developed instrument was to assess the participants’ NOE
understanding holistically, one-to-one correspondence between individual responses and NOE
aspects was not expected. Thus, during the data analysis, responses pertaining to each of the
targeted NOE aspects were presented in a matrix form, as recommended by Deniz et al. (2019).
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During this process, targeted NOE aspects guided the response analysis and served as a starting
point for the expert and novice groups’ NOE profile development (Miles & Huberman, 1994).
In addition to the descriptive qualitative analysis, in order to respond to the second
research question: What are the similarities and differences, if any, between engineering experts’
and non-experts’ NOE views? the generated profiles were scored and compared systematically in
relation to each NOE aspect by following the previously established procedures (Deniz et al.,
2019; Kaya et al., 2017; Marti et al., 2018). As a part of this process, the results obtained by the
two groups were examined and contrasted using the MaxQDA qualitative analysis software, with
the aim of establishing the VNOE construct validity.
Specifically, each written response was scored on a 5-point scale (comprising of
uncategorized, uninformed, partially-informed, informed, and fully-informed items) based on the
alignment with the NOE descriptions in the scoring rubric provided in Table 3. If a response was
aligned with the description of a particular NOE aspect and was justified with an example, it was
scored as “fully-informed” and received a numeric score of 4. If a response was aligned with the
NOE description, but the participant was unable to provide a supporting example, it was scored
as “informed” and received a numeric score of 3. If a response was somewhat aligned with the
NOE description, but the participant was unable to provide a supporting example, it was scored
as “partially-informed” and received a numeric score of 2. If a response included misconceptions
or was unrelated to the NOE descriptions provided in Appendix A, it was scored as
“uninformed” and received a numeric score of 1. Finally, if the participant failed to respond or
provided an incomprehensible or irrelevant answer, or the answer given could not be
categorized, it was scored as “uncategorized” and received a numeric score of 0. This process
was applied for each response pertaining to each NOE aspect. After the initial analysis, both
88

novice and expert group responses were reviewed by two other researchers to validate the
interpretation and scoring of participant responses. Analysis results were discussed until all three
researchers reached a consensus, as recommended by the VNOS-C and VNOE-A developers
(Deniz et al., 2019; Lederman et al., 2002).

Table 3: NOE Aspects Scoring Rubric
Description

Numeric
Score

Verbal Score

No answer, incomprehensible or irrelevant answer, or an answer that could not
be categorized

0

Uncategorized

An answer that is not aligned with the description of NOE aspect

1

Uninformed

An answer that is partially aligned with the description of NOE aspect

2

Partiallyinformed

An answer that is fully aligned with the description of NOE aspect

3

Informed

An answer that is fully aligned with the description of NOE aspect. The view is
well-articulated and/supported with relevant example(s)

4

Fully-informed

After analyzing the written responses provided by the experts and novices, eight novice
group participants and nine expert group participants took part in a follow-up interview.
Participants were interviewed either face-to-face or via video and/or audio-conferencing tools
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(e.g., Google Hangouts, Google Meets, Zoom, Facetime, Skype, Webex, or Adobe Connect).
Each participant was provided a copy of his/her written responses to the VNOE-B questions at
the beginning of the interview, or was sent an electronic copy by email if the interview was held
through video/audio conferencing. The interviews lasted between 18 and 35 minutes for novice
group participants, and 42−57 minutes for expert group participants. All follow-up interviews
were recorded with the GarageBand application, exported as .mp3 file, and transcribed verbatim.
During the interviews, expert and novice group participants were asked to elaborate on their
written NOE responses. Interview transcripts were analyzed and scored similarly to the written
responses.
Specifically, individual responses were analyzed to create empirical NOE profiles and
were subsequently inserted into the NOE aspects matrix (See Table 4) along with the
corresponding scores, according to the NOE categories they represented. Next, written responses
and interview transcripts were compared. If any discrepancies between the two matrices were
noted, all relevant data was reinvestigated. Additionally, if there were unclear or incomplete
responses, participants were contacted to elaborate on their responses further; otherwise,
responses were merged to construct the final profile of the expert and novice group participants.
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Table 4: Sample VNOE Response Matrix
Novice Group (Number of Novices)

NOE ASPECTS

Fully
Inf.

Informed

Partially
Inf.

Uninf.

Expert Group (Number of Experts)

Uncat.

Fully
Informed

Informed

Partially
Informed

Uninformed

Uncategorized

Demarcation
Social Aspects
Engineering
Design Process
Failure-laden
Criteria and
Constraints
Empirical
(Testing)
Creativity and
Imagination
Multiple
Solutions
Social and
Cultural
Embeddedness

Summary
As demonstrated in the preceding sections, when designing the VNOE-B, the VNOE-A
questionnaire developed by Deniz et al. (2019) served as the starting point, and new items were
added to the survey to reflect the well-established NOE aspects. Next, the instrument was revised
based on the feedback provided by an expert panel. During this process, engineering experts
were invited to share their views on the NOE aspects and NOE questions’ face and content
validity and clarity, as well as whether the survey items could target the K−12 NOE aspects
consistently. The engineering education expert panel also contributed to improving the wording
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of the instrument questions and provided recommendations for the questionnaire items that
aligned with the NOE aspects holistically.
The instrument was subsequently administered to four individuals as a part of a try-out
study, who also took part in follow-up interviews to elaborate on their NOE views, and thus
assisted with the interpretation of their written assessment scores. The pilot study participants
also provided feedback on the clarity of the questionnaire items and gave input that improved
instrument design and administration. The subsequent revision of the instrument improved the
accessibility, clarity, and wording of the questionnaire. Finally, VNOE-B was administered to 12
engineering experts and 15 novices, 9 and 8 of whom, respectively also attended follow-up
interviews. The aim of the interviews was to further explore the written responses to the VNOEB items and to create detailed profiles of the experts’ and novices’ NOE concepts. During the
follow-up interviews, participants were allowed to progress through the questions at their own
pace and no feedback or cues were presented to facilitate their responses.
During the interviews, which lasted 35 minutes on average, experts and novices were
asked to elaborate on their written NOE responses. Interview sessions were audio recorded and
transcribed verbatim to facilitate analysis, during which the interview transcriptions were
organized and added to the matrix. Both interview transcripts and the written responses were
analyzed and scored similarly to facilitate comparison. Participants’ written responses were
merged with the semi-structured interview responses to validate the instrument. To facilitate data
analysis and answer the first research question “How do engineering experts and non-experts
respond to the VNOE-B questionnaire?” the responses provided by both novice and expert group
participants for each NOE aspect were analyzed qualitatively. To answer the second research
question “What are the similarities and differences, if any, between engineering experts’ and
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non-experts’ NOE views?” a matrix was created for the two (expert and novice) groups and the
participants were further subdivided into fully-informed, informed, partially-informed,
uninformed, and uncategorized subgroups, as indicated in Table 4. Specifically, written VNOEB questionnaire and interview responses were used to construct expert and novice NOE profiles.
Once the number of fully-informed, informed, partially-informed, uninformed, and uncategorized
responses for the expert and novice groups had been established, the scores obtained by the two
groups were compared and contrasted. Novice and expert group participants’ profiles and the
comparison of their responses that established the construct validity of the VNOE-B
questionnaire will be discussed in the next chapter.
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CHAPTER 4 RESULTS
Introduction
The goal of this study was to establish the validity of a Nature of Engineering (NOE)
instrument that will help to elucidate learners’ NOE views. This investigation paid attention to
establishing face, content, and construct validity of the open-ended NOE instrument. An expert
panel focused on establishing the face and content validity of the instrument. Two groups of
educated individuals’ responses to the VNOE-B instrument assisted in establishing the construct
validity of the instrument. The specific research questions that guided the present study were:
1) How do engineering experts and non-experts respond to the VNOE-B?
2) What are the similarities and differences, if any, between engineering experts’ and nonexperts’ NOE views?
This chapter is arranged into three sections. The first part presents the background
descriptions and provides a detailed Nature of Engineering (NOE) beliefs of novice group
participants based on their written and follow-up interview responses to the VNOE-B
questionnaire. Similarly, the second part focuses on the profiles of the expert group participants
and their descriptive NOE views generated from their written questionnaire and semi-structured
interview responses. The third and final part compares and contrasts the NOE views of the
novice and expert group participants. A simple coding algorithm is generated to identify each
participant and maintain anonymity. NG_P illustrates that the participant is a novice group
member, EG_P indicates that the participant belongs to the expert group, and the numbers
signify the participants’ unique identifier.
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Novice Group Participants’ Views of the Nature of Engineering
Novice Group Participants
As described in Chapter 3, the novice group comprised of undergraduate and graduate
students enrolled in an Elementary Science Teaching Methods course during the Spring 2020
semester, focusing on “current methods and materials for teaching life, physical, and earth
sciences using process skills, guided discovery activities, and curriculum integration techniques,”
as described in the UNLV course catalog website (EDEL443/CIE543, Spring 2020).
As previously noted, as the researcher was the course instructor, in-class solicitation was
used to recruit volunteers for the novice group. The course attendees either held a bachelor's
degree and were enrolled in a Master of Education program in elementary education, or they
were in their senior year of college, and their degrees were not related to the STEM subjects.
While many course attendees were in-service or pre-service elementary teachers, none took any
courses or had any prior experience in the epistemology of engineering. The 15 students that
agreed to participate in the study were asked to respond to a written VNOE-B and demographic
questionnaire before taking part in semi-structured interviews. Due to the COVID-19 concerns,
however, only eight interviews were conducted. The novice group comprised of eight pre-service
teachers who were seeking a Bachelor of Education degree in elementary education, and seven
students who were seeking Master of Education degree as part of the Alternative-Route-toLicensure through Teach-for-America (TFA) programs.
The demographic questionnaire responses were utilized to develop the novice group
participants’ profiles presented in Appendix B, including gender, age, and education, with an
emphasis on students’ familiarity with engineering and other relevant experiences. In addition to
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the demographic survey, the novice group completed the written VNOE-B. All participants were
assigned pseudonyms to protect their identity.
As can be seen from Appendix B, the novice group consisted of four men and eleven
women, aged 20−31 years (mean = 23.6, mode = 23, median = 23 years). Two of the
undergraduate participants were practicum teachers, and one received her substitute license. All
graduate students were seeking masters’ degrees in elementary education and were already
teaching in elementary schools (five worked in a large public district and two in public charter
schools). All undergraduate students were elementary education majors, while two of the
graduate students held undergraduate degrees in English, one majored in business studies, one
majored in interdisciplinary studies, two received their degrees in psychology, and another
graduated with a bachelor’s degree in philosophy. Other relevant experience and familiarity with
engineering concepts are also reported in Appendix B. It is noteworthy that none of the novice
group participants took any engineering course in high school or college. Only four of the novice
group participants had relatives that worked in the engineering field, and majority had none to
limited familiarity with engineering. However, one of the participants worked in a technology
and engineering company, and conducted engineering training for pre-college students. Thus,
with the exception of one individual, the novice group had no prior education or experience in
engineering.
Novice Group Participants’ Nature of Engineering Views
The novice group completed the VNOE-B during the sixth week of the Spring 2020 term
and their responses were used to create their profiles related to NOE understanding. These
profiles were subsequently augmented with the responses provided during the follow-up
interviews, which also helped to establish the validity of the open-ended VNOE-B instrument. A
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detailed comparison of the VNOE-B and interview responses revealed good alignment. In
addition, during the interviews, participants were invited to provide examples and elaborate on
their answers when necessary.
Semi-structured interviews, nevertheless, played an additional role apart from supporting
the validity of the VNOE-B. Throughout the follow-up interviews, participants were invited to
provide examples and elaborate their answers when necessary. Semi-structured interviews also
provided the researcher an opportunity to understand participants’ thought process in more
detail. Transcribed interviews also helped to further interpret participants’ responses
meaningfully and accurately.
The novice group participants’ profiles resulting from this process were grouped in line
with the previously defined NOE concepts, i.e., demarcation, teamwork and collaboration,
engineering design process, criteria and constraints, failure-laden, empirical, creativity and
imagination, multiple solutions, and social and cultural embeddedness.
Profiles of novice group participants’ conceptions of NOE aspects were identified, and
similarities and differences were examined. Observed patterns amplified that participating novice
group members held similar NOE beliefs. Novice group participants’ NOE understandings did
not vary and departed from each other in a significant manner except minor outliers.
Accordingly, the present section elucidates the NOE conceptions of the 15 novice group
participants.
Demarcation.
Engineering is systematically engaging in the practice of design to achieve solutions for
specific problems. Engineers apply their understanding of the natural world (scientific
knowledge) and math to design solutions for real-world problems and to create
technologies. Additionally, a big part of engineering focuses on analysis as well. (Deniz
et al., 2019)
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In the K-12 context, “science” is generally taken to mean the traditional natural
sciences: physics, chemistry, biology, and (more recently) earth, space, and
environmental sciences...We use the term “engineering” in a very broad sense to mean
any engagement in a systematic practice of design to achieve solutions to made systems
and processes-not in the limited sense often in schools that equates technology with
modern computational and communications devices. Technologies result when engineers
apply their understanding of the natural world and of human behavior to design ways to
satisfy human needs and wants. (NRC, 2012, p.11-12)
All novice group participants provided answers to the first item on the VNOE-B
incorporating remarks to the demarcation NOE aspect. That first item was: “What in your view,
is engineering? What makes engineering different from other disciplines (e.g., science, math,
architecture)? Defend your answer with examples.” Furthermore, novice group participants
discussed their conceptions of demarcation NOE aspect throughout the semi-structured followup interviews. Novice group participants employed various distinct phrases to communicate this
view. More typically, a misconception elucidated by the VNOE-B item 1 is that engineering is a
discipline of science. Some of the novice group participants indicated that engineering is a
method of science and they use scientific method:

Engineering is a method of science that allows us to create tools for other people
to use or otherwise interact with. (NG_P_1, Written)
I mean the engineering is awesome, a part of science too. So, it's kind of hard to
like find that difference but I guess the mean differences with signs here just
finding information. That's it. (NG_P_1, Interview)
There are several different types of engineers and their profession entails using the
scientific method and creating science experiments as well as taking data.
(NG_P_8, Written)
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However, many novice group participants attempted to describe engineering as a
problem-solving approach. These participants tended to focus on engineering’s problem-solving
part without contrasting it with science’s focus on the explanation of the natural world:

Engineering is using creativity and past experience to solve problems. (NG_P_4,
Written)
There are so many different branches of engineering however the one thing
all of them share in common is problem solving. (NG_P_3, Written)
I believe that engineering is problem solving and it is different from other disciplines
because it can apply many subjects into itself for the application and critical thinking
thought processes. (NG_P_9, Written)

One participant indicated the design aspect but could not elaborate during the interview:

I know that science and engineering are related but I don't exactly know how it's
different. I guess it's more of the designing part that's different. (NG_P_6,
Interview)

More than half of the novice group participants spoke about the value of using math or
science in engineering. However, when analyzed in detail, the line of demarcation NOE aspect
between engineering, science, and math was very vague as depicted in novice group participants’
responses. Additionally, the use of qualifying remarks like "to my small understanding" and
"honestly, I am not sure but" demonstrates fragile self-efficacy. Some of the novice group
participants generally used science and engineering interchangeably:

To my small understanding of engineering, they should have a good foundation in
science, math, and sometimes architecture because their set of skills will build off of
that. (NG_P_7, Written)
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Engineering is different from other fields because it requires a great understanding
of science, mathematics, physics and many other subjects. (NG_P_3, Written)
A water engineer can utilize both science and math for applications of
measurements and physics for the flow of water within built or modified systems.
(NG_P_9, Written)
Engineering combines many different disciplines. It involves math, science,
physics, architecture, design, etc. There are a lot of things that go into engineering,
and it also depends on the type of engineering you're pursuing. (NG_P_10, Written)
In my opinion, engineering is a combination of math and science. (NG_P_12,
Written)

Moreover, a handful of novice group participants tended to view engineering as fixing
and repairing. Additionally, their responses indicated that they did not mention that engineers
solve problems by using a methodical approach. Rather, they viewed engineering as
constructing, fixing, or installing (e.g. cables) through trial-and-error:

Engineers can fix technologies and machines. If for example, an electrical appliance
was not working, an engineer might take it apart to try and figure out what was
wrong. They may notice that the end of a wire is torn. They can solve this problem
by the torn end of the wire off and reattaching it. (NG_P_12, Written)
Engineering is constructing or building things. (NG_P_2, Written)
It's like trial and error. You have to go through like different steps… finally, find
out what exactly it is and how to fix it. (NG_P_3, Interview)
Trial and error within simulations. (NG_P_9, Written)
If engineers were looking to build a bridge with a new type of material, they would
have to do lots of trials. (NG_P_10, Written)

Nevertheless, it is necessary to acknowledge that the majority of novice group
participants did not provide any examples to demarcate engineering from other disciplines.
Moreover, when they were prompted to provide an example to engineering, more than half of
100

novice group participants could not provide an adequate example to engineering and other fields.
However, one novice group participant compared science and engineering as following:

I think science is more like, more like biology or some things that we cannot see
per se and then while I guess engineering is more the know-how thing with
enough of that knowledge. (NG_P_7, Interview)

Social Aspects of Engineering.
Engineering is not a solitary pursuit. Engineering design solutions are constructed
through social negotiation. Despite their individual differences, members of an
engineering community share common understandings, traditions, and values. This social
dimension enhances the quality of engineering design solutions. The work of engineers,
like the work of scientists, involves both individual and cooperative effort; and it requires
specialized knowledge (NRC, 2012, p. 28).
Engineers cannot produce new or improved technologies if the advantages of their
designs are not communicated clearly and persuasively. Engineers need to be able to
express their ideas, orally and in writing, with the use of tables, graphs, drawings, or
models and by engaging in extended discussions with peers. Moreover, as with scientists,
they need to be able to derive meaning from colleagues’ texts, evaluate the information,
and apply it usefully. In engineering and science alike, new technologies are now
routinely available that extend the possibilities for collaboration and communication
(NRC, 2012, p. 53).
The second item on the VNOE-B was designed to elucidate learners' understanding of the
social aspects of engineering: “Describe how working with teammates might contribute to the
outcomes of engineering. Discuss the advantages and disadvantages of working with teammates.
Support your answer with examples." This item asked participants to describe the importance of
teamwork and collaboration in the engineering field. Responses to the question were used to
ascertain if the participants assumed that engineers collaborate and work in teams to solve
engineering problems.
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Received responses to the second item in the written VNOE-B in conjunction with
follow-up interviews precisely mirrored their understanding of the social aspects of engineering.
Although most were certain that engineers work in teams, some appeared to believe that working
in teams may also pose delays or cause power struggles:
Working with teammates contributes to the outcomes of engineering by working
efficiently and quickly. A team of engineers are able to collaborate and execute
plans probably much faster than with just an individual. However, working in a
team may also cause delays because not everyone may agree with each other.
(NG_P_3, Written)
Working with teammates helps improve engineering outcomes because more brains
is better than one. Advantages mean there are more people brainstorming problems
so there are more solutions likely available. Disadvantages could be that one
person's right answer is at the risk of being overshadowed by group disagreement.
(NG_P_4, Written)
Working with teammates will always have an impactful contribution to the
outcomes of engineering because people have different ideas and levels of expertise
that could help with the product development. Some of the disadvantages of
working with other people is that within the team there will be people that dislike
each other or have opposing ideas for an outcome or way of starting a process.
(NG_P_7, Written)

Thus, through their discussion of the social aspects of engineering, novice group
participants mostly presented a partially-adequate or adequate understanding of the social aspects
of engineering. Additionally, they demonstrated the importance of collaboration in the modern
workforce. However, when novice group participants were requested to provide an example
during the interview, only less than half of the novice group participants furnished a more
adequate example but the majority of the novice group participants had a difficult time to
provide a relevant example:
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I think with like working with the group. Maybe you are doing the experiment.
Someone else is also doing the experiment and they come up with a different
answer than you. Just like doing a math problem. Maybe you're both working on the
same math problem and you do it in a different way or you come up with a different
answer. (NG_P_8, Interview)

Engineering Design Process.
Engineering design process is viewed as both domain knowledge and the central practice
of engineering in the Framework (NRC, 2012). There is an overall agreement on the
components of the engineering design process described below.
The core idea of engineering design includes three component ideas: Define, Design, and
Optimize:
Define: Defining and delimiting engineering problems involves stating the
problem to be solved as clearly as possible in terms of criteria for success and
constraints or limits.
Design: Designing solutions to engineering problems begin with generating a
number of possible solutions. These potential solutions are then evaluated to assess
which ones best meet the criteria and constraints of the problem.
Optimize: Optimizing the design solution involves a process in which solutions
are systematically tested and refined and the final design is improved by trading off less
important features for those that are more important. (NGSS Lead States, 2013, Appendix
I, p. 104)

The third item on the VNOE-B asked whether engineers use an engineering design
process and what the phases of the processes are: “Engineers engage in various processes to
solve problems. Describe the processes they might use as they seek solutions to problem with a
concrete example.” The phrase “the engineering design process” is occasionally used in this
dissertation; however, the use of the phrase “the engineering design process” should not be taken
to imply there is a singular engineering design process. There is no single “engineering design
process” and it is a dynamic and iterative process. Engineers define problems, develop multiple
solutions, and optimize their solutions. Engineers, however, do not adhere to any step-by-step
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recipe like method when they solve engineering problems. It is a systematic approach to solve
engineering problems and may have different phases that often do not follow any order.
Additionally, phases do not comply with any hierarchy.
The majority of the novice group participants indicated there was an engineering design
process and one-third of them stated they never heard an engineering design process. Most of the
novice group respondents spoke of the engineering design process; however, they demonstrated
underdeveloped ideas about the engineering design process. Only a few participants further
qualified the concept of the engineering design process as a cyclical and systematic approach,
which includes optimization. For instance, only one novice group participant defined engineering
process adequately and provided a relevant example. However, this novice group participant had
work experience in an engineering company. She also participated in and conducted
extracurricular engineering design clubs for students:

Engineers solve problems by researching and experimenting. They perform tests
and surveys to collect information and determine possible solutions to problems. An
example of this might be trying to solve the problem of flies coming in through
open windows. Engineers research existing solutions, if available, taking into
consideration advantages and disadvantages to each existing design. In this
example, they would research screens, security windows, hanging curtains, etc.
They would take their research and come up with their own design. They might
make changes to the design throughout the whole process based on their research
and results. Next, engineers would experiment with their design to see its
effectiveness at solving the problem it was created to solve. If the flies can still get
through the window, they would make adjustments to their design. Finally, they
would perform tests to see if the design will be sustainable. Were the flies still able
to get into the window? (NG_P_2, Written)

Another novice group participant also explicated some of the phases of the engineering
design process with its steps:
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Depending on the problem they might have to come up with their own solution by
themselves. This can take a lot of research about the problem and understanding of
what they are actually trying to solve. After they have a full understanding of the
problem, they will need to try to come up with the right solution. This may take
more research time and brainstorming. Once they know what they need to do, they
will have to put their ideas into action. (NG_P_14, Written)

While all of the novice group participants responded that engineers follow an engineering
design process, most did not provide the details and phases of an engineering design process:

So to be honest with you, I'm not sure. I'm sure they're like rules that guide their
decision-making like, is this feasible? Is this over-engineered? But other than that, I
don't know if there would be any [engineering design process]. (NG_P_5,
Interview)

Some of the participants provided a response that demonstrated the engineering design
process as analogous to the scientific method. They depicted the engineering design process in a
linear fashion:

They might start with discussion, then concept maps, and then actually testing the
solution and troubleshooting. It is a step-by-step process just like the scientific
method. (NG_P_4, Written)
I think I would define that more as the trial-and-error. I think the more of a trial and
error and then following through like steps, linear steps. (NG_P_7, Interview)

Novice group participants further demonstrated their naïve understandings of the
engineering design process by providing many inadequate responses of the engineering design
process. For example, in one of the following excerpts, participant conceptualized engineering
design process as the so-called “scientific method”:
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There are several different types of engineers and their profession entails using the
scientific method and creating science experiments… Engineers may use a science
experiment to seek a solution to a problem. For example, they may create a
hypothesis and test the hypothesis. (NG_P_8, Written)
Engineers may reference previous work to solve problems. (NG_P_13, Written)

Most of the novice group participants failed to address the phases of an engineering
design process:

However, because often it is not that simple, engineers use what I think would be
considered a "trial-and error" process… (NG_P_3, Written)
Trial and error within simulations. (NG_P_9, Written)
They will need to analyze the problems, use trial and error. (NG_P_15, Written)

Moreover, when they were probed to give examples to the engineering design process,
each novice group participant provided an example of the engineering design process. However,
given examples generally included misconceptions or incomplete information:

That's like something that I just mentioned before. The trial and error process…
Using those that information as well as everything that you've learned. Now really
applying it and going through the trial and error process. I feel like in the real world,
you'll have to use that trial and error process. (NG_P_3, Interview)
Um not really. (NG_P_6, Interview)
I think just in terms of context like engineers. I feel like they're faced with real-world
problems. Even with all the different simulations that they might undergo in their
graduate or undergrad school, it's still different. Because now it's a real-life problem…in
the real world, you'll have to use that trial and error process. (NG_P_3, Interview)

Criteria and Constraints.
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Engineers consider criteria and constraints as they design solutions to problems. These
criteria and constraints sometimes compete with each other/work in opposition with each
other. Engineers need to balance these. Ultimately often the client makes the decision-engineers present options.
Engineers make decisions based on criteria and constraints throughout the engineering
design process. Making gains on one criterion often involves losing on another criterion
or other criteria.
Engineers must contend with a variety of limitations, or constraints, when they engage in
design. Constraints, which frame the salient conditions under which the problem must be
solved, may be physical, economic, legal, political, social, ethical, aesthetic, or related to
time and place. In terms of quantitative measurements, constraints may include limits on
cost, size, weight, or performance. For example, although constraints place restrictions
on a design not all of them are permanent or absolute (NRC, 2012, p. 205)
The fourth VNOE-B item probed participants’ views about criteria and constraints:
“Engineers need to balance competing criteria and constraints when solving engineering
problems. Using an example, explain some of the various factors that engineers often need to
consider as they design." Most of the novice group participants expressed a partial understanding
of criteria and constraints. The majority of novice group participants believed that engineering
design is related to criteria and constraints but some of them embraced the misconception that
criteria and constraints are not always necessary. Novice group participants also failed to provide
a definition with an example and/or explain what the criteria and constraints are.
More than half of the 15 novice group participants explicitly stated in their responses to
the written VNOE-B that criteria and constraints are essential parts of the engineering:

Engineers need to consider measurements, human error, physics, function,
materials, and timelines when designing. (NG_P_3, Written)
Factors engineers need to consider depends on what they're designing. With things
like bridges or structures, factors could be things like wind, rain, area, best material
for that environment. With things like designing entertainment shows on the Strip,
this could be things like lights, sound, weight, height, etc. (NG_P_10, Written)
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Some other respondents did not specifically describe what criteria and constraints are.
Yet, their responses demonstrated that they assumed criteria and constraints are somehow
important in making decisions but described them with vague terms:

They need to consider if anyone has designed something similar to what they are
creating. They need to be sure that their design was not already thought of and
patented. If they do not do this, they can face legal backlash in the future.
(NG_P_14, Written)

There were a few novice group participants who indicated that they believed criteria and
constraints are an essential part of the EDP. At first glance, these responses might seem
surprising, when compared to the responses given by their counterparts regarding the criteria and
constraints. However, a more detailed analysis of these responses illustrated that their
understanding of the criteria and constraints were also immature. More specifically, they
emphasized that criteria and constraints are important but failed to describe a concrete example
that emphasizes and elaborates on what role the criteria and constraints play on making design
decisions:

Some of the various factors that engineers often need to consider as they design are
if the ideas are realistic to what they need to accomplish, economic factors, specific
requests, financial aid, and so on. (NG_P_7, Written)
When engineers come across a problem, they will need to consider all of the
possibilities, before jumping into a problem. This includes, but is not limited to: the
problems (constraints) that will come across with choosing any solution, and the
limitations that will not allow them to succeed. In other words, engineers need to
look at a problem logically from every different point of view. (NG_P_15, Written)

Novice group participants' views of criteria and constraints were also examined
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with the semi-structured interviews by probing if criteria and constraints are important. A few
novice group participants affirmed that criteria and constraints are very crucial in engineering
and supported their claim with examples:

I think budget and time are always a big factor. It seems like without these constraints,
engineers have a lot more options, but often it isn't good enough to just do something.
Instead, it needs to be done efficiently and in a cost-effective manner. E.g. Starbucks cups
need to be cheap, so using titanium, despite being very lightweight, would not be a good
solution. (NG_P_5, Written)

Failure Laden.
Engineers engage in multiple iterations to enhance the quality of their products and
systems. Some of these iterations are driven by failed first attempts. These provide
opportunities for improving design solutions.
Tests are often designed to identify failure points or difficulties, which suggest the
elements of the design that need to be improved (NRC, 2012, p. 207). Engineers often
look for and analyze patterns, too. For example, they may diagnose patterns of failure of
a designed system under test in order to improve the design (NRC, 2012, p. 86).
The fifth item on the VNOE-B was targeted to probe learners’ views on the failure-laden
NOE aspect: “In your opinion, what is the role of failure in engineering design process? Explain
your answer with a concrete example.” Novice group participants ascribed roles for failure
throughout an engineering design process. However, their views of failure focused on trial-anderror but did not include data collection or interpretation. Furthermore, more than half of the
novice group participants did not ascribe a role of failure in engineering as an opportunity to
improve the design:

The role of failure in the engineering design process is huge because if a plan was
well written and executed but it resulted in a failure, that means that there was a
flaw somewhere that a lot of people did not take into careful consideration. For
example, if a new computer model were to be built and it was too heavy for its
purpose, then the material was not carefully designed. (NG_P_7, Written)
109

Novice group responses to the fifth item of the VNOE-B demonstrated that less than half
of the participants ascribed roles for failure-laden NOE aspect. More specifically, several of the
novice group participants held a much more naive view of failure in engineering and appeared to
understand the failure in engineering in a negative way. For instance, some of these participants
stated that engineers fail if they are not qualified for the job, instead of seeing it as an
opportunity for improving the product:

The role of failure in the engineering design process can lead to many things. One
small thing can mess up an entire project. (NG_P_14, Written)
Failure is something going incorrectly. For example, if they are hired to fix a
problem, but instead of fixing the problem they make it worse that would be
considered a failure. (NG_P_8, Written)

Some novice group participants could not provide adequate examples and indicated that
failure does not play an essential role in engineering when they were asked the role of failure in
engineering during the follow-up interview:

The role of failure. I don't know. They should seek help if they can't figure it out
themselves. (NG_P_6, Interview)

There were less than half of the novice group participants who indicated that failure is an
opportunity to improve and provided valid examples of the role of failure in engineering:

The role of failure is significant in the engineering design process. Failure allows
engineers to make adjustments and adaptations that make the end result better.
(NG_P_2, Written)
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Failure is the process of problem solving for an engineer. If one design fails for an
engineer then the errors or factors can be analyzed to show what went wrong and
can then be redesigned to resolve the issue. (NG_P_9, Written)
Failure allows engineers to make adjustments and build better designs. We are
always improving, because of these failures. (NG_P_10, Written)

Despite the large degree of consensus that failure is integral to engineering, some novice
group participants expressed a belief that failure happens but does not inform the design:

The role of failure in the engineering design process is not necessarily extreme.
(NG_P_3, Written)

Some of the novice group participants appeared to believe that failure is part of an
engineering design process. According to the responses of these participants, testing is conducted
after the production and failure points are identified; however, examining the failure points is an
iterative process. For example, engineers frequently and systematically collect data and check for
anomalies through key process indicators and visuals from dashboards in each phase of the
production process and failure should not be viewed as a negative part of engineering. Overall,
less than half of the novice group participants advocated the importance of the role of failureladen NOE aspect in their responses and provided examples that are relevant.
Empirical (Testing).
Engineers optimize their design solutions. Data from testing design can inform engineers'
analyses of possible solutions.
… engineers engage in testing that will contribute data for informing proposed designs. A
civil engineer, for example, cannot design a new highway without measuring the terrain
and collecting data about the nature of the soil and water flows. (NRC, 2012, p. 45)
Engineers use investigation both to gain data essential for specifying design criteria or
parameters and to test their designs. Like scientists, engineers must identify relevant
variables, decide how they will be measured, and collect data for analysis. Their
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investigations help them to identify how effective, efficient, and durable their designs may
be under a range of conditions. (NRC, 2012, p. 50)
The sixth item on the VNOE-B probed the place of testing in engineering with the
question: “How do engineers know that their design solutions meet the required criteria and
constraints as they engage in engineering design? Explain your answer with an example.”
Participants were asked to explain how the development of an engineering design solution
requires collecting data for examination to inform the design through testing.
Novice group participants tended to focus on testing the final product without using the
phrase explicitly. However, most of the participants did not emphasize the data collection,
analysis, and/or empirical testing as some novice group respondents stated:

I believe their end product is the determining factor of whether they met the criteria
or not. They may have everything mapped out and believe that it will be successful;
however, it is unclear whether it will be successful in the end until the final product
is visible. (NG_P_8, Written)
Yes, I'm going to go back into architecture. Let’s say that they're building
something for a house. In order for them to know whether they did it correctly is
going to be whether it works. So, they could create an object and then they go and
push the button. If it doesn't work, then the criteria haven’t been met. Because the
criteria would be to have a successful object or whatever that they're building.
(NG_P_8, Interview)

These responses suggest that novice group participants echo a more naïve understanding
of engineering because testing is a systematic, continuous, iterative operation that is conducted
throughout an engineering design process:

When the solution works. Creating a vaccine and wiping out a disease. (NG_P_11,
Written)
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Engineers know that their design solutions meet the required criteria and constraints
when the consumers are happy with the results. (NG_P_7, Written)

Similarly, a small portion of the 15 novice group participants' responses voiced that
testing is part of engineering, especially in regard to quality control, but this time using the term
explicitly. However, these participants believed that testing, similar to most of the other novice
group participant responses, while a factor in engineering, is done at the end but not throughout
an engineering design process:

They can only know through testing it out. With the plane example, they can't just
design a faster plane and then start producing it for people to fly. They have to first
test it to make sure that nothing goes wrong. (NG_P_4, Interview)

A few of the novice group participants seem to have an adequate understanding of testing
in engineering. The following quote, for example, emphasized the empirical nature of
engineering by describing how engineers collect data systematically to improve their designs:

Engineers know their design solutions meet the required criteria by researching and
testing their calculations or design ideas. They may make models or replicas to test
before designing a full-size or complete final product. For example, an engineer
might want to design a new bridge but doesn't know if their design will support the
weight of the traffic on a given road. That engineer would research the problem and
design a solution he believes will work. To test this, before spending the money to
create the full-size project without certainty, the engineer might build a scaled
model and test the bridge with scaled weights. Success in this stage might lead to
larger-case tests or the certainty needed to move forward with the project. (NG_P_2,
Written)

When they are further probed throughout the interview, the majority of the novice group
participants struggled to provide an example for the empirical NOE aspect:
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For example, a phone may be pricey, but it has a good battery life, camera, and
overall performance. Then there would be more positive feedback. (NG_P_7,
Interview)
Until you are hands-on, doing it yourself, and constructing it, building it or
whatever might be, you don't necessarily know until the project is complete.
(NG_P_3, Interview)

The remaining of the novice group participants either provided unrelated examples or
chose to wrote “I don’t know” or “N/A” as a written response. When they were further probed if
they have any thoughts during the interview, they provided either inaccurate examples or stated
that they do not have any answers.

Creativity and Imagination.
Creativity and imagination of engineers play a major role throughout an engineering
design process. The role of creativity and imagination is not limited to any specific
component of an engineering design process and there is no singular engineering design
process.
Engineering and science are similar in that both involve creative processes, and neither
uses just one method (NRC, 2012, p. 46).
The seventh item on the VNOE-B probed the creativity and imagination NOE aspect:
“How do engineers use their creativity and imagination throughout the engineering design
process? Explain your answer with an example.” Nearly all of the novice group participants
expressed the importance of creativity and imagination in engineering consistent with the K-12
Science Framework and NGSS. All of these participants viewed creativity as an essential part of
engineering; however, some participants thought that creativity was only needed in the initial
stages of an engineering design process, specifically in the planning phase. They emphasized that
in the other phases of an engineering design process, creativity and imagination is not needed
and do not play a role. Overall, novice group participants viewed creativity and imagination as a
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crucial component of engineering but lacked enough knowledge to express how creativity is used
throughout an engineering design process:

I think engineers use creativity probably more so in like the brainstorming time or
the development stage! So, through the early stages. (NG_P_4, Interview)
They need to use these skills to combine different things in ways that haven't been
tried before. For example, Tesla's cars use two conventional things, batteries and
cars, to create a superpowered all-electric car. (NG_P_5, Written)

More than half of the novice group participants characterized creativity and imagination
without providing details. These participants voiced that creativity and imagination used
throughout the engineering design process, however, they did not provide any examples in their
written responses:

Engineers use their creativity and imagination throughout the design process by
considering multiple ways something could be designed. (NG_P_6, Written).
I believe engineers use their creativity and imagination throughout the engineering
design process by coming up with innovative ways to make daily functions more
sufficient or functional. (NG_P_3, Written)

Further evidence that novice group participants emphasized the significance of creativity
and imagination was apparent in their transcribed interview responses. All of the novice group
participants responded that creativity and imagination is important in engineering. During the
interview, they were probed to depict why creativity was necessary throughout an engineering
design process. More than half of the novice group participants struggled to portray reasoning
and justification in regard to the relationship between creativity and engineering design, and
failed in their attempts to come up with an adequate example:
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Engineers need to use their imagination and I feel it is like art to me. (NG_P_6,
Interview)

In general, novice group participants indicated that creativity and imagination are
important and crucial to engineering. Yet, their interpretation of creativity and imagination was
only connected to the design, but never focused on the phases of the engineering design process
or various engineering design processes. Moreover, half of the participants’ responses were
partially aligned with the conceptual definition of creativity NOE aspect:

Engineers have to think outside the box. They are constantly looking for new
solutions, new problems, and more efficient ways to deal with the tasks at hand.
(NG_P_10, Written)
Engineers use their creativities and imagination to create unique designs. They must
design around many constraints and still make it functional. (NG_P_12, Written)
It takes a lot of imagination and creativity to come up with your own design for
something without stealing from anyone else. They need to be able to create what
they want in their head and have the ability to put that down on paper and then build
it. (NG_P_14, Written)

Multiple Solutions.
There is no unique solution to an engineering design problem. While there can be many
solutions to the same problem, some of these solutions may be more suited to meet the
criteria and constraints of the problem. Engineering design solutions are also influenced
by engineers’ prior knowledge, culture, and experiences.
There is usually no single best solution but rather a range of solutions. Which one is the
optimal choice depends on the criteria used for making evaluations. (NRC, 2012, p. 52).
The eighth item on the VNOE-B probed the multiple solutions NOE aspect and role for
prior experience, culture, as well as the influence of trade-offs in consideration with the criteria
and constraints in the engineering design: “Why do you think there is a variety of products in the
market designed to solve the same problem? Explain your answer with an example.”
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There can be multiple solutions to an engineering problem and engineering design has an
empirical basis. However, engineering design solutions are not only informed only by data. The
social fabric, prior knowledge and experience, power structure, gender, education and training,
motivation, and expectations of engineers and clients combine to form a framework that
determines how engineers design technologies and processes. Engineers’ philosophical and
religious standpoint also influence how they interpret criteria and constraints and filter data to
prioritize trade-offs through their personal perspective and critical lens.
Majority of novice group participants focused on the variety and richness of products
designed by companies and put on the market, and demands of diverse people with different
needs as demonstrated in the following responses:

I think that there are...For example, one can buy a massage chair, or just buy a
handheld electric massager, or even a non-electric massager, meeting the needs of
all interested parties. (NG_P_5, Written)
For money. Razors for men and woman. They both get rid of hair but one brands
costs more. (NG_P_11, Written)

The majority of the novice group participants ascribed the reasons for different designs
developed by the engineers are based on end-users’ personal preferences. While it is partially
true, none of the novice group participants elaborated on the multiple solutions NOE aspects
from the engineers’ perspective. Particularly, different designs can result from the input of
engineers with diverse backgrounds. These diverse designs can be associated with the engineers'
sociological and philosophical viewpoint, personal and cultural background, physical and mental
ability, and educational training:
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… there are several different types of band aids. They all solve the problem of
getting a cut; however, they are different in the sense that some are waterproof,
different colors, have Vaseline built in, are different sizes etc. This is because
everyone prefers different items. (NG_P_8, Written)

Overall, the majority of novice group participants described multiple solutions in
engineering based on clients’ preferences. They also underscored the importance of freedom of
decision-making when given options such as price versus performance:

There are many different ways of solving problems, and problems can come in
different varieties. For example, I have a lot of trouble cleaning my shower. Bleach
has a very strong stench that makes me feel sick, but other cleaners usually aren't
strong enough to do the job. It is hard to reach the strength desired without having
another cost, and it is up to consumers to decide which cost they prefer for a given
payoff. (NG_P_4, Written)

Social and Cultural Embeddedness.
Engineering is a human activity. There is a continued interaction between engineering
and society. Sociocultural factors influence the engineering design process, and in turn,
engineering influences the society. These social and cultural factors include social
composition, religion, worldview, political, and economic factors.
Not only do science and engineering affect society, but society’s decisions (whether made
through market forces or political processes) influence the work of scientists and
engineers. These decisions sometimes establish goals and priorities for improving or
replacing technologies; at other times they set limits, such as in regulating the extraction
of raw materials or in setting allowable levels of pollution from mining, farming, and
industry. (NRC, 2012, p. 213)
The ninth and the final item of the VNOE-B gauged participants’ conceptions of social
and cultural embeddedness NOE aspect and requested participants to describe their views about
the social, cultural, political impacts of engineering: “Some claim that engineering is infused
with social and cultural values. That is, engineering reflects the social and political values,
philosophical assumptions, and intellectual norms of the culture in which it is practiced. Others
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claim that engineering is universal. That is, engineering transcends national and cultural
boundaries and is not affected by social, political, and philosophical values, and intellectual
norms of the culture in which it is practiced. What do you believe? Does engineering reflect
social and cultural values, if so, how and why? Is engineering universal? If so, how and why?
Use examples to support your response.”
More than half of the novice group participants held underdeveloped conceptions about
social and cultural NOE aspect:

I believe that engineering is universal. Engineering is one in its own. (NG_P_8,
Written)
For the most part I feel that engineering is universal. Every country has their own
engineers and they create similar things. It does not matter the culture or social
values. (NG_P_14, Written)
I believe that engineering is reflected mainly off of universal values, and a bit of
social and cultural values. (NG_P_1, Written)

Less than half of the novice group participants demonstrated a partially complete
understanding of social and cultural embeddedness of engineering:

I think engineering reflects the social and political values, philosophical
assumptions, and intellectual norms of the culture because the things that are
designed, the way they are designed, and the materials used to design them all play
a role in those listed above. (NG_P_6, Written)

Only a few of the novice group participants provided relevant responses to the social and
cultural embeddedness VNOE-B item:

I believe that engineering is infused with social and cultural values that reflect the
social and political values, philosophical assumptions, and intellectual norms
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because there are products that restrict people from the rest of the world. (NG_P_7,
Written)
Yes, it reflects social and cultural values…Government and policy plays a big role
in what is expected from engineers. (NG_P_10, Written)

When participants were probed to elaborate on their responses, the majority of the novice
group participants failed to provide an example or elucidate their answers. However, there was a
small group of novice group participants who provided informed responses to the VNOE-B item
9 when probed during the follow-up interviews. Interestingly, the novice group participant who
provided a sophisticated view of social and cultural embeddedness NOE aspect held a degree in
philosophy. Even though the participant did not have any prior experience in engineering, he
mostly demonstrated an adequate understanding of several NOE aspects:

I am of the camp that believes engineering is very social and political,
philosophically bound…I think, for example, if you go to the Nazi regime, the big
engineering projects they took like. They're like a big arena or something like that
the Nuremberg. I don't remember what it was called, but they had a huge rally
ground where Hitler would give speeches. Just the way that stuff was engineered
big imposing and showing the power of the state, showing that you know the state is
all controlling, and humans were just like all part of that machine. You can get sort
of different impressions of how they're engineered. So yeah, I think definitely
engineering influences politics. (NG_P_5, Interview)

Expert Group Participants’ Views of the Nature of Engineering
Expert Group Participants
This section presents a detailed profile of the NOE conceptions of the 12 expert group
participants. The expert group consisted of eight higher education professors (engineering and
science/engineering education faculty) and four practitioner engineers. The group consisted of
five men and seven women, from colleges and companies in the US and Europe. Five were full
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tenured professors, two were tenured associate professors, one was a tenure track assistant
professor, and four of them were practitioner engineers with masters and/or Ph.D. degrees. Three
of the expert group participants had either received their doctoral degree in engineering
education and/or with an emphasis on engineering education, three had degrees in science
education, one in math education, three in mechanical engineering (one of these is a Ph.D.
candidate), one in civil engineering, one in materials engineering (now a practicing engineer),
and another in electrical and computer engineering (now a practicing engineer). One of the
expert group members did not hold an engineering doctorate degree, but did hold a master’s
degree in chemical engineering with more than ten years’ experience. Seven were currently
employed in schools of education or engineering departments. One engineering faculty was
employed in a school of engineering education. Four of the professional engineers worked in
large private organizations in the US and Germany. Appendix C presents further background
information about the expert group participants.
Expert Group Participants’ Nature of Engineering Views
This section delineates the detailed profile of the epistemological views of the 12 expert
group participants. After each excerpt from the expert group participants, assigned alphanumeric
identification codes (e.g. EG_P_3, Written or Interview) were added to the quotation as
discussed in earlier sections.
The analysis was made based on the expert group participants’ written responses to the
VNOE-B and follow-up interviews. It was also based on how the expert group participants’ NOE
conceptions aligned with the NOE descriptions. These descriptions were informed by the current
understanding of the epistemology of engineering that were articulated in the engineering
education reform documents. It is important to emphasize that the NOE descriptions were also
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informed by the input of science and engineering educators, engineering faculty, K-12
engineering education reform documents, and validated by the expert panel as discussed in the
previous chapter.
Demarcation. Unlike the responses of novice group participants on the first item on the
VNOE-B and follow-up interviews, the responses of expert group participants demonstrated a
solid understanding of engineering. In fact, all of the 12 expert group participants indicated that
engineering is a unique discipline that solves technical human problems and it is different from
science in its goals. These participants used engineering terms such as criteria, constraints, tradeoffs, and empirical evidence at a sophisticated level.
More specifically, the majority of the expert group participants indicated that
demarcation is an important part of engineering. In their view, they echoed that it is important to
differentiate engineering from other disciplines to demonstrate a clear understanding of the
engineering field. One of the expert group participants also underscored the fuzzy area between
science, applied science, and engineering:

Engineering is an effort to address/solve technological problems ("problems"
broadly defined) through the design and development of technologies (broadly
defined to include both product and process), using a body of professional
knowledge from the field of engineering science as well as applying knowledge
from mathematics, physics, and other subject areas as needed (e.g., economics,
biology, chemistry, etc.). Engineering is different than science because they have
different objects of study. The scientist seeks to produce knowledge about the
natural world using naturalistic explanations and methodological naturalism. For
example, a scientist I know is trying to determine the composition of the inside of
stars, and uses techniques from geosciences in his work. Another studies the
genome of cacti to determine where cacti originated and how they have evolved and
migrated over time. In contrast, the engineer seeks to produce a technological
solution to a technological problem (e.g., how to optimize efficiency of an engine;
how to convert biomass into biofuels; how various concrete compositions respond
to forces, stress, and heat). Many people define disciplines by their method, and this
leads to problems. For those who see engineering as synonymous with design or a
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design process, they will wrongly think that building a deck or designing a house is
engineering. Contractors and other skilled laborers do the actual construction.
Architects can design buildings with a knowledge of architectural principles, but
they do not study the building design using physics and math as the engineer does.
This is a complex question because as I've described this above, I'm dealing with the
ends of a spectrum. Engineering and science influence one another in complex
ways, and many working professionals exist in a gray area in the middle, such as
"applied science." Applied science appears no different than basic science, but it has
a practical goal in mind that makes it look more like engineering. For example, an
applied scientist (in an atmospheric science dept) I know studies the formation of
storm fronts (looks like science), but has the goal of improved weather forecasting
as a result (looks like engineering). Another (in a college of engineering) is studying
the chemistry of organic compounds under extreme heat conditions, but the goal is
to develop cost-effective ways to convert biomass into fuel. (EG_P_4, Written)

One expert group participant defined engineering as a way of knowing and compared
engineering to science:

I think of science as a way of knowing that includes conceptual and process
knowledge that answers questions about the natural universe. Like what are the stars
made of, or what is the relationship between organisms in an ecosystem. I think of
engineering also as a way of knowing, but where knowing isn’t uncovering an
understanding that would exist whether someone wondered about it or not. And
instead, engineering brings design into being because humans wanted it to exist.
(EG_P_9, Written)

Another expert group participant specifically emphasized how engineering is a
multidisciplinary field and underscored the focus of problem-solving in engineering:

Engineering is the most multidisciplinary discipline and is the most focused on
solving problems. For example, my Ph.D. work focused on developing a tissue
model for plantar tissue. This combined knowledge from podiatry, medicine,
biomechanics, human movement, and material science. The combination of these
disciplines was combined to develop a model of the foot tissue during movement.
The model was developed to be used to help predict and prevent diabetic foot
ulcers, a problem that plagues much of the population. (EG_P_8, Written)
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Other expert group participants spoke of engineering as solving human problems. These
expert group participants also emphasized the role of the engineering design process that
distinguishes engineering from other disciplines to achieve successful problem solving:

The most basic definition of engineering is, design under constraints. In my view
engineering design always has a realistic purpose for the design. Every design has
constraints whether they are time, personal, materials, or financial. Engineering is
distinct in that the engineering design process guides the work of engineers. While
there is no one agreed upon engineering design process there are overlapping ideas
of creating, testing, and making revisions. Science is more related to asking
questions to better understand the world. Engineering uses applications of math and
science. People can work in teams to develop a solution and make use of prior
knowledge or background research. The solution can be a process or an actual
physical product. (EG_P_6, Written)

Most of the expert group participants explicitly discussed the demarcation NOE aspect.
Even though not included all the examples in the following excerpts, the majority of the
participants provided specific examples that compare science and engineering. Several of the
discussed examples as following:

Engineering is a field of study and practice concerned with the development of
technological systems. Engineering differs from fields such as science and
mathematics in terms of its overall aims. Science, mathematics, and many other
fields of study are aimed primarily at knowledge-building; while those fields are not
unconcerned with how that knowledge might be applied, the primary objective of
science and mathematics is on generating and defending knowledge. Engineering, in
contrast, is aimed at practical goals of technological development. (EG_P_5,
Written)
Engineering is different than science or math because of its focus on applied
problem-solving. Engineers design and create that which has never been created
before. They apply their knowledge of the world around them and existing materials
or products to innovatively iterate and design something new that benefits people
and society. Engineering is very diverse so having an overarching description needs
to be fairly broad. There are numerous examples here is one: Biology is the study of
living organisms. Scientists study what is. Biological engineering is the application
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of the principles of biology and the tools of engineering to create usable, tangible
products that enhance life. (EG_P_2, Written)

When the expert group participant was asked to elaborate more on applied problem
solving during the follow-up interview, she defined the role of an engineering design process that
separates engineering from other fields. This response was similar to other expert group
participants’ descriptions:

I think there are probably other fields that would say that [applied problem solving].
I think the part that makes engineering unique is the engineering design process.
(EG_P_2, Interview)

Another expert group participant explicitly underscored the importance of design in
engineering. He also added how engineers challenge ill-defined problems and how safety and
risk play a crucial role in engineering:

Theodore von Karman paraphrased the difference between engineering and other fields
as "science is the study of what is; engineering is the creation of what never was." I think
this articulates it better, but it still leaves out a lot of what we could consider engineering
activities. von Karman's statement is mostly about design, but a design is only useful if it
results in something being built. Building requires other kinds of engineering support,
such as construction, quality, safety, and commissioning, all of which are legitimate
fields of engineering. Design is still at the heart of any engineering activity, from start to
finish, however, so von Karman's statement is still strong. Another aspect of engineering
that is not necessarily present in other fields is the assumption of risk. Engineers must
produce things under risk; for example, while we know a general range for the
compressive strength of concrete, and can perform a test from a batch, it is impossible to
know for certain whether that exact strength will be the same in the foundation that is
poured. Based on experience, codes, and laws, engineers have to apply safety factors that
acknowledge that materials and designs are not perfect. Additionally, engineers deal with
things that can have an enormous effect on the public, which feeds into how risk is
handled, such as the design of a bridge or the steel structure in a skyscraper. (EG_P_7,
Interview)
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One expert group participant provided an example that compares and contrasts what a
chemist and a chemical engineer does to show the unique distinction between these fields:

Think about the product, the chemical reaction that underlies the Haber-Bosch
process creating industrial ammonia. From a chemist’s point of view, if you were
doing chemistry, you'd be trying to understand the nature of this chemical reaction.
You’d try to understand what are the factors that influence the rate of the reaction.
Why do they influence it that way? If you're an engineer, you want to be able to
make ammonia. How do I make as much ammonia as humanly possible? How do I
structure this process? So, there goes kind of dealing with the same phenomenon but
they're going about it completely differently. The history of that idea itself displays
demarcation very clearly. (EG_P_5, Interview)

All of the expert group participants held sophisticated views of demarcation NOE aspect
and affirmed the importance of understanding differences and similarities between engineering
and other disciplines. Finally, the majority of the expert group participants, explicitly
emphasized that students should possess more knowledgeable views of the demarcation NOE
aspect as an important component of engineering literacy.
Social Aspects of Engineering. The second item on the VNOE-B asked whether
engineers work alone or in groups. Majority of expert group responses indicated that engineers
cannot solve complex problems without working as a team. Additionally, participants also
mentioned that when engineers work with clients, they need to communicate. They also
emphasized that soft skills (e.g. communication, leadership) are essential in the engineering field.
Expert group participants’ responses were more comprehensive in regard to the social NOE
aspect than the novice group. Thus, both novice and expert groups ascribed roles for
communication and collaboration. However, expert group participants provided thorough and
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adequate examples for the social aspects of engineering while more than half of the novice group
participants could not provide a real-world example:

No great achievement is ever done alone. As an engineer, I have worked as part of
teams where members all contribute to the advancement of a cause. The advantages
of working in a team include having multiple insights and people of great expertise
contribute and having multiple checks on the stability of a design. (EG_P_10,
Written)
During my Ph.D. years, I worked with the team. I was an engineer with a bachelor’s
in biomedical engineering. Dr. [name is hidden] who was a mechanical engineer
and had systems and sensors background. Then, we worked with a biomechanist
who knew how to understand human movement. We all combined our experience
and our knowledge together to tackle my PhD which was in mechanical and
kinesthetics engineering. It focused on describing foot tissue using sensors. It would
not have been possible if we didn't have those three different disciplines to combine
together to create a solution. (EG_P_8, Interview)
In my experience, it is impossible to perform any kind of engineering activity
without working with others. On large projects such as the design of a building,
there is a team of engineers that handle different disciplines, i.e., electrical design,
plumbing design, HVAC design, structural design, architecture, and so on. It is
simply not possible for one or two people to have expertise in all of those fields.
(EG_P_7, Written)

None of the expert group participants stated that engineering is a solitary pursuit. All 12
expert group participants indicated that engineers have to collaborate. One participant believed
that engineers may work alone or in groups. However, this participant also stated that engineers
always need to collaborate with the client or the stakeholders in the industry. Each of these
participants provided an example from their work or from their observations on how engineers
collaborate:

Teamwork is often emphasized in the context of engineering. Because most
engineering projects are sufficiently complex that they involve many different
people with different skill sets and job descriptions…The social nature of
engineering is simply a necessity. (EG_P_5, Written)
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I would have to work with the electrical engineers to make sure that we had
power available to the pump so that they could do their design related to that. I'd
have to work with the structural engineers. They have to collaborate with
everything else to make the whole. Because no engineer on a large project is
doing everything. You have to talk with others and make sure you're creating a
whole design altogether. (EG_P_7, Interview)

Two expert group participants indicated that engineers do not only collaborate with other
engineers but also professionals from other fields or clients:

In engineering, you have to collaborate in order to find the optimal solution.
Collaboration is really important on multiple levels within the group of engineers,
but also outside of the group. (EG_P_1, Interview)

The majority of expert group participants provided information about the role of
collaboration in engineering. In response to the second item on the VNOE-B questionnaire,
many of the participants cited how interdisciplinary the field is and elaborated on complex
problems that cannot be solved with a person from only one expertise:

A significant part of the engineering design process involves brainstorming
potential solutions to problems. By working in a team, there is a much larger base of
experience and knowledge which will contribute more ideas for possible solutions.
Most engineering problems require interdisciplinary solutions. (EG_P_3, Written)
Teammates are important because everybody's experience and wealth of knowledge
is different. Since most problems are very complex, each member of the team brings
to the table much different experience. Having teammates with different
experiences will give you different ideas on how to solve a problem. (EG_P_3,
Interview)
Working in teams allows a chance for feedback and quality control to ensure
mistakes are not being made. (EG_P_6, Written)

Expert group participants also emphasized the challenges related to teamwork
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The disadvantage of working in teams is that it does create extra management work to
identify and track each team members contribution. There can also be a training aspect to
teamwork where some members of the team are learning more than contributing to the
solution. (EG_P_3, Written)
A disadvantage in working in teams is that communication needs to be clear. If a team
cannot communicate well, there could be working on different parts of a design and not
realize errors or misunderstand their directive. (EG_P_6, Written)

Other sub codes also emerged from the social and collaborative NOE item. One expert
group participant provided information about how engineering discipline is socially meaningful
and relevant to people’s lives:

I think engineering is always socially relevant. I've worked with trying to kill
cancer. I've worked in a lab where we were creating little heart patches. Now, I'm
working on superfast planes. We have some stuff that are used for artificial joints.
Engineers can put their fingers into everything in this world and it's amazing.
(EG_P_8, Interview)

Several members of the expert group participants explicated the importance of diversity
and its role in providing a look at problems from various perspectives and experiences to
minimize bias. They also addressed how it is essential to promote diversity and increase the
number of women and those from underrepresented populations in engineering fields to
overcome biased products. Moreover, some expert group participants emphasized that engineers
come from different backgrounds and they bring their prior experiences and cultures to their
profession, which influences their work. When they work in teams, they consider different
aspects when designing and optimizing a product:
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Engineers have their own sociocultural, personal, academic, and professional
backgrounds. They are also individuals who have understandings and insights that
relate to their creativity. All of those individual factors will come into play in a
team, but the team itself adds something more. Their ideas will be challenged, built
upon, and changed as a result. Every team member might have equitable
representation but might not. (EG_P_9, Written)
Teamwork is essential to engineering, particularly when iterating and designing
solutions for clients or the public. The solutions created by a team of people with
various ideas and prior experience tend to be better than those created by one person
or a team that is not diverse in experiences. There are challenges working in teams,
however, those challenges need to be addressed and overcome so that engineering
solutions are the strongest possible. (EG_P_2, Written)

It is important to note that diversity and collaboration issues might have been unnoticed
without intricate inquiry throughout the interview. For example, respondents generally did not
provide enough explanation in their written responses about diversity. However, when they were
asked to elaborate on their experiences throughout the semi-structured interviews, they
explicated their views and experiences with much more detailed examples. Overall, all of the
expert group participants rejected the notion that engineers work in solitary. Instead, they echoed
the importance of teamwork and collaboration with other engineers, other team members, and
clients to address the complex engineering problems:

Having diverse members provides a balance. When you have multiple different
people in a group such as different genders, different races, you have a more
balanced and well-structured team. I have seen in the past where groups that have
diverse teams tend to do better. I have seen great things from those groups because
they have a balance. I can't think of a better way to describe it. (EG_P_8, Interview)
There is as many differences as we can count between different human beings. All
that contributes to why we are interesting and creative. We bring all of that to
whatever work we are doing in engineering. Those differences can be sociocultural. They can be tied into our values, of our expectations of other people. So,
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what is really great about engineering is that, it is by definition interdisciplinary and
you can't disentangle all that. (EG_P_9, Interview)

Specifically, one expert group participant about the benefits of having diverse
engineering teams. She also emphasized how social NOE aspect may influence students from
marginalized communities:

Participant: I definitely think that the way our society has been created, women,
underrepresented minorities, people from low socioeconomic status. They experience the
world in a different way and because they've experienced the world in a different way,
they can bring a different perspective to the engineering design process. They bring a
different perspective to what a client might need. They bring different perspectives in
terms of what they think might be important. So, I think there are differences in the
values that you create based on the way we live in society. For example, women
engineers can bring up very different perspectives on a product. Particularly in the way it
might impact women. When we start thinking about creating solutions, particularly for
the developing world where the way people are living. Their lives might be very different
than the engineers live their lives that are creating solutions. In terms of underrepresented
minority people that come from different backgrounds. I think that having a group come
together that brings these various perspectives is really important. Some of the challenges
that engineering has had as a profession come from the fact that we haven't always had
those very diverse groups of people working together to come up with solutions. When
voice recognition didn't recognize women's voices. When seatbelts were not fit the right
height for women. Airbags were not designed for women and had issues. When you start
thinking about a lot of the places where engineering hasn't been as strong as it could be.
Because they didn't have various people in the room having discussions around the
implications of what someone was designing. Having diversity as part of your team is
crucial in engineering. It's an area that I don't think we've been very successful at that in
the past. Because we've got a lot of barriers to entry for diverse people to enter
engineering. I think they are artificial barriers and we need to remove these barriers.
Researcher: Do you have any thoughts about how it has implications for students?
Participant: I think having students a better understanding of the fact that teamwork is
an integral part of engineering. Definitely it has an impact in terms of who is interested in
engineering. So, there could be gender impacts of that. When we talk about stereotypical
views. “Oh, engineers are people who are really great at math and science and you're
doing it. You are this lone genius”. The lone genius stereotype doesn't work. That's not
the way how engineers are working in the world these days. You're not an Einstein on
your own. How engineering works in our society is you're working in teams. You're
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coming up with better solutions because you're working together. We have found that it is
more appealing to young women and students from a lot of different unrepresented
groups. So, I think if we can get to the point where we change the way we're talking
about teamwork, I actually do think that could have a huge influence in the K-12 space in
terms of some may consider going into engineering. (EG_P_2, Interview)

Another expert group participant also mentioned that in K-12 engineering education,
emphasizing the role of collaboration may spark students’ interest in engineering, especially
students from underrepresented groups and girls:

I think that teaching collaboration is important. Especially females thrive. It's
important for minorities as well. It's kind of like breaking math stereotype of
engineers and scientists being full white males that work by themselves. (EG_P_1,
Interview)
Expert group participants’ responses showed that a failure to relate the importance of
teamwork and collaboration NOE aspect to the lives of all students, including girls and students
from marginalized communities, may cause students to drop out of engineering as a possible
future profession. It may send students the wrong message that they do not belong to the
engineering community. It may also cause students to think that engineering is a career where
they work in isolated cubicles without collaborating with teammates.
Engineering Design Process. All of the expert group participants expressed adequate
views of the engineering design process. The majority of expert group participants believed that
engineers follow an engineering design process. They embraced the conception that it is a
systematic process and may show distinctions from field to field. Additionally, during the
follow-up interviews, expert group participants were asked if engineers use a single EDP or stepby-step process when they design. All of the expert group participants rejected the notion that
EDP is a linear process and/or only one method exists:
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They use an iterative design process to create solutions to a problem. I have seen
teams work together to understand a problem or gap, research the problem, imagine
possible solutions, plan, create prototypes, test and evaluate their solution/prototype,
iterate/improve/redesign based on requirements or additional needs and then cycle
through the process again. This type of process allows for the continuous
improvement of a product/process/design. (EG_P_2, Written)
Another indication of expert group participants’ advanced understanding of the notion
that they frequently indicated the central role of the engineering design process. They also
showed high performance by providing conceptual descriptions with valid examples. Expert
group participants provided substantially more accurate examples of the engineering design
process than did the novice group participants. The majority of the expert group participants
suggested various processes exist in engineering design and their attempted examples were
consistent with their conceptual descriptions of engineering design processes. Many adequate
examples were provided by the participants and each expert group participant solidified several
examples on average. Some of the examples were derived from disciplines such as software
engineering, mechanical engineering, and environmental engineering. No irrelevant or confusing
examples were provided by expert group participants. In total, all expert group participants
provided decent examples of EDP, compared to the few and misidentified examples that novice
group participants provided:

The main process that comes to mind is the engineering design process that has
different parts. An example could be cleaning up an oil spill in the ocean. In the ask
stage, engineers could work to better understand the problem and the impact on the
environment. This could involve doing background research or consulting with
other specialists as well as identifying the constraints. In the imagine stage, different
possible solutions would be developed and discussed. Different solutions could
involve containment and putting some material in the ocean to absorb the oil or a
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filter method. In the plan stage, one solution would be focused on with what is
needed to create the design. In the create stage, the design would be put together
and tested. This could involve tests done in a controlled environment to see the
effectiveness of the design before actually implementing it. In the improve stage,
the design would be improved as needed based on what was learned from
implementation. In the case of an oil spill this could involve adjusting the material
put in the ocean or changing the filter or filtration method to cause less harm to
animal or plant life. Throughout the design process, communication, teamwork, and
learning from failure are vital. Engineers also have processes that can include
ethical considerations. Engineers must always keep in mind the needs of the client
and also that no design is perfect. (EG_P_6, Written)

Unlike the novice group participants, all of the expert group members spoke
directly of well-articulated definitions of the engineering design process and specifically
underscored that there is no single step-by-step engineering design process exists and it is an
iterative dynamic approach:

There's no universal scientific method. So, there's no universal engineering
methods. But then again there are some methods that engineers tend to do a lot. I list
a few different ones here. Collecting data on the performance of the system, doing
the analysis side of things, perhaps using models, and doing optimization. To me all
those seem like very reasonable things. What the notion I mostly resist is, I would
hate to reify this as some like put quotes around it “the engineering design process”
as if there's only one and I would certainly hesitate to try to put those different
methods in any like discreet ordering. It depends on the task at hand. I think about
very similarly to how I think about the scientific methods of science. (EG_P_5,
Interview)
There is no single engineering design process. The one presented by Robert L.
Norton in his textbook "Design of Machinery" is useful as a starting point. I will use
the example of a current project my company is working on, rebuilding portions of
the [company name and location is hidden]. Identification of a need - The client
([hidden]) identified that many of the buildings at [hidden] were damaged beyond
repair by Hurricane Michael in 2018. Background research - The [company name]
engaged with another company to analyze the damage and create requirements that
could be used to bid the project. Goal statement - The goal statement is embodied in
the scope of work of the contract, written by [company name] and agreed to by my
company. Performance specifications - The [company name] created a list of codes
and standards to follow and created several short requirement documents, one for
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each building. My company takes those and creates more detailed specifications that
will then be used to guide procurement and construction. Ideation and invention We create high-level design concepts for the buildings we are contracted to design.
Analysis - Different design alternatives are analyzed against required codes,
customer requirements, and cost to determine the best design that satisfies the
contract while minimizing costs. Selection – the ideal design is selected. Detailed
design - Engineers come up with calculations for things like occupancy, fire
sprinkler water requirements, plumbing loads, heating and cooling loads, lighting,
etc. These requirements are translated into design drawings, two to three dozen per
engineering discipline. Prototyping and testing - This can take on different
meanings depending on what is being designed. An electronic component or a small
machine can be built, tested, and redesigned. An aircraft hangar cannot. However,
for facility designs such as ours, there are several review steps, called 35%, 60%,
and 90% designs, that are checked internally and reviewed with the client.
Recommendations and comments from both are addressed to be put into the next
stage of the design. Additionally, the design is continuously reviewed during
construction to correct oversights and make improvements that are cost-effective
and within scope. Design is never truly done until the final product is turned over to
the client. Production - In our design "production" would refer to construction. After
all internal and client design reviews are completed, and the client has accepted the
design, it is issued for construction to begin. (EG_P_7, Written)
There is no agreed-upon engineering design process. There’s as far as how you label
the different steps. You might find multiple ones but some of the main phases:
There has to be a problem that you're trying to get a solution to. There needs to be a
plan: a design. Some methods to actually test it as you go and improve. You have to
go back and do background research. Even make sure that you better understand
what the question is and then kind of go through the process again and again.
(EG_P_6, Interview)

All of the 12 expert group participants discussed the idea of the engineering design
process in detail:

A specific example of this is the Baja SAE competition held each year. Processes
involved: 1) Review the Existing Designs. Teams must gather as much information
as possible on similar vehicles. How fast are similar vehicles? How much do they
weigh? What type of transmission is used? What types of steering, braking and
suspension are used? What materials are used? Are there lessons to be learned from
non-similar vehicles? 2) Brainstorm Solutions. The first attempt at a solution is
usually a 'safe' design, especially if the design team is inexperienced. In this
instance, it may make sense to find a good design and just replicate it using the
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available resources. This is a good way to gain experience. While doing this, the
team will learn where specific improvements can be made in future designs. 3)
Evaluate the Ability of Your Team. What resources are available; money, materials,
parts, partners, mentors? What are the strengths of your team members? What gaps
do you have in your team? Identify resource problems and knowledge gaps. 4) Seek
Help. Once you have identified your gaps; look for appropriate mentors? If you do
not have enough money, make a fund-raising plan. And individual team members
may need to learn new skills. 5) Make a Plan. Once you know your team’s skill set
and your available resources; make a plan that fits the available skills and resources.
Set target dates to complete tasks. Plan the schedule so there is enough time to test,
redesign, and modify as needed before the ultimate deadline. (EG_P_3, Interview)

The diversity of the phases depicted in the responses provided evidence that there are
various approaches to problem-solving and examples provided further evidence that engineering
design processes show differences or similarities through engineering disciplines. The consensus
was that all of the engineering design phases were equally necessary and critical to engineering.
No inadequate or confusing examples were provided by expert group participants. Surprisingly,
unlike other expert group participants, one participant indicated that the engineering design
process is a never-ending process which showed alignment with the omitted tentativeness NOE
aspect:

I think it could be never-ending. You could just keep going. Then over time, as new
technologies, other research, and new science and techniques come about, you could
refine that same solution, so many times, over and over. How many times have
computers or cell phones have gotten better? Because they're drawing on more
information. I think it could be never-ending in practice. However, it has to end at
some point because you have to get a product or a process. Or you have to get to the
end of that unit in an education setting. (EG_P_1, Interview)

Criteria and Constraints. Like their novice group counterparts, expert group
participants ascribed roles for criteria and constraints in engineering. As expected, the expert
group’s views of criteria and constraints went beyond the notion of time and cost in engineering
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design decisions, and included trade-off matrices, environmental decisions, sustainability, and
ethics:

Engineers generally have many constraints and requirements when they are solving
problems. Some of the factors that are commonly considered include those in the
triple bottom line such as people, planet, and profit. Who are the stakeholders
engaged in the solution? that includes those using, impacted by and profiting from
the solution. There are huge environmental considerations in many engineering
solutions. Engineers need to consider the near-term and long-term implications of
the materials, products, and processes used to create a solution. Related to the
people and planet are ethical considerations. Lastly, in my opinion, it is profit.
Sustainability (both environmental and fiscal) are important considerations for
engineering solutions. (EG_P_2, Written)

Expert group participants provided descriptions of the use of criteria and constraints and,
as the selected excerpts that follow will demonstrate, more regularly and detailed than novice
group members:

Engineers must consider what is useful for the client and the consumers of designs.
A chair could be designed to hold thousands of pounds, but generally, that would
not probably be needed and cause an increase in cost. Engineers need to factor time
constraints. This occurred with the Apollo 13 mission, when the engineers at NASA
had a fixed set of time in order to develop a solution so that the astronauts would
not die. Engineers need to consider cost constraints. Apple found this to be the case
in that the cost of phones has increased so much that people have started to keep
their phones longer. Constraints can involve our current knowledge and what
technology is available. Scientific knowledge is always advancing so what is
possible to design now is different than 10 years ago. New technologies can enable
other technologies to be built faster. (EG_P_6, Interview)

Additionally, expert group participants also emphasized the role of communication to
meet the criteria and constraints of the projects in real-world:

In industry, one of the major competitions is between the ideal solution and the cost.
Many times, it may be possible to develop solutions that will satisfy all the
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consumer's constraints but would be too expensive. Thus, it is necessary to
determine a solution that will be satisfactory but still be cost-effective. For example,
there may be a ceramic matrix composite that is highly heat resistant, strong, and
insulative, but the processing conditions will make it exceptionally expensive. Thus,
a carbon matrix preform may be substituted since it will meet most of the conditions
and is less expensive. Working through these competing criteria and constraints
requires constant communication and feedback between consumers and engineers.
(EG_P_8, Written)
Engineers will examine existing designs to similar issues, consider the criteria and
constraints, gather feedback from stakeholders, work with mathematical, digital,
and physical models. Make trade-offs as evidence is gathered and engage in design
optimization. Engineering is evidence-based…We explored slurry components and
proportions and weighed decisions about the base materials, waste material, cost,
compression strength, fracture resistance, leeching characteristics, etc. against one
another…Engineering is constrained by the number of competing criteria and
constraints. (EG_P_9, Written)

Participants used qualified terminology, jargon, and technical language to describe
criteria and constraints:

Cars are a classic example. Cars need to be affordable for people, safe, fuelefficient, and reduce harmful emissions. Making a car optimally affordable
unfortunately reduces fuel efficiency, as fuel-efficient engines are more expensive
to produce. Safety systems increase weight, which decreases fuel efficiency. Thus,
the joke among engineers is: "Here are three factors we need. Pick 2." In addition,
we also have a variety of constraints from laws and existing systems. Cars have to
be a certain size so they can fit within the lane and within a garage. They have to
have a certain range of speeds to be street-legal. They cannot produce certain noise
levels. Buyers also have criteria that include things like comfort, sound systems,
towing capacity, etc. (EG_P_4, Written)

During the interviews, expert group participants also explicated more details about the
criteria and constraints and emphasized how engineers consider the trade-off between multiple
options:
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Each engineering problem will have a different set of constraints and performance
criteria. I will use the Baja SAE Off-Road vehicle design as an example. The engine
for this particular vehicle is specified as a 10-horsepower engine and it is not to be
modified. All teams have the exact same engine (power supply). There is a distinct
performance advantage to making the vehicle as light as possible. However, if
weight is minimized too much, then the endurance of the vehicle may suffer under
severe competition conditions. This presents an optimization problem where there
may be multiple good solutions… We're not the fastest vehicle but our vehicle is
really well in maneuverability and endurance. So, we've been trying to figure out
how to lose weight without losing our ability to be maneuverable and do well in the
endurance test. There is a lot of trade-offs in engineering. (EG_P_3, Interview)

Expert group responses to the fourth item of the VNOE-B illustrated that
all agreed on criteria and constraints as fundamental to engineering. Expert group participants
were able to come up with many intricate examples of criteria and constraints from their
professions or experiences. Additionally, unlike their novice group correspondents, expert group
respondents scrutinized criteria and constraints in engineering both in terms of criteria which are
attributes and standards in engineering designs and in constraints that bring ethical and social
responsibility to the engineers and limitations that must be satisfied by engineers. Additionally,
when discussing criteria and constraints, safety and compliance have also emerged as the
components of criteria and constraints:

Safety - anything that endangers workers or the public should not be released.
Engineers should be considering safety at all stages of the design, and then during
material procurement, construction, and final commissioning. Safety is at the core
of engineering ethics, and nearly every legal code addressing engineering is
intended to ensure that unacceptable risks are not passed on to the public. (EG_P_7,
Written)
Safety is an important factor when designing anything that will engage with people.
The design of a bridge, a car, an airplane, etc. (EG_P_10, Written)
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In summary, the majority of the expert group members conveyed a sophisticated
understanding of the criteria and constraints NOE aspect. Unlike their novice group counterparts,
all believed criteria and constraints are a crucial part of the engineering design process that
informs the design.
Failure-Laden. All of the expert group participants expressed adequate views of the
failure-laden NOE aspect. The majority of expert group participants believed that failure is an
important part of engineering and embraced the concept that failure is minimized through
repeated testing:

Failure is part of the design process, hopefully, you test and iterate enough that you
are able to address the initial failures and make improvements to the solution so that
failures are not widespread or have long-term impacts on people. (EG_P_2,
Written)
Failure is inevitable in engineering; engineers strive to fail on paper, and catch those
failures, rather than having the final product fail. All failures should be used as
lessons learned for future projects (EG_P_7, Written)

One expert group participant specifically described the failure as data within the
engineering process that empirically inform the design:

Failure is a critical element of evidence gathering. Failure is a part of the design
process and I think it implies something more nuanced in engineering than just “it
worked” or “it didn’t work”. Big failures, like the U.S. Challenger explosion, for
example, catch our attention. But, I think that a failed design-like the Challenger
tanks, is different than failure within the design process. Failures are data points that
inform what and how designs should evolve. (EG_P_9, Written)

A large majority of the 12 expert group participants explicitly mentioned in their written
responses to the VNOE-B and/or discussions throughout the follow-up interviews the conception
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that failure is inevitable, but the design is optimized by repeated testing for various test
scenarios:

A particularly good way to figure out how something might fail is to empirically
test it in some way to determine where the limits are and how those limits might be
moved… But at some stage, I also probably want to create a physical prototype so
that I can empirically determine the limits of use. Because failure is a central feature
of technological systems, it is necessarily a part of any process of engineering
design. (EG_P_5, Interview)
A successful engineer fails often and is able to learn from their failures. Thus,
failures are a large part of the development process as they allow an engineer to
progressively develop a better product. (EG_P_8, Written)

One participant specifically described the role of failure as the goal of some engineering
designs and its connection to ethical and moral values in engineering:

In other cases, a company deliberately designs a product to fail in a specified time
frame, so that people have to buy another one (I know an engineer who quit
working in industry because he was told to build failure into the washing machine
so that it would fail about a year after the warranty expired). In the early phases of
development of a technology, when something fails, it is an opportunity to learn and
to revise further. That said, "fail early" is often the motto, as failure takes on
additional cost when it occurs later in development. (EG_P_4, Written)

All of the expert group participants described the role of failure and connected it to the
importance of testing through engineering design. Thus, expert group participants’ responses
diverged considerably from most novice group respondents, who partly perceived failure as a
negative portion of engineering design quality. Additionally, most expert group participants were
able to provide accurate examples of failure from the history of engineering such as the Wright
brothers’ invention of the airplane:
141

Learning from failure is essential to engineering. Little progress can be made
without learning from failure. Engineering designs can always be improved. As
tests are conducted and the results discussed new insights can be made and designs
improved. Without failure and tests, we would never have developed airplanes. The
history of flight is a history of failures and repeated efforts to learn from this to
improve. (EG_P_6, Written)

Two of the expert group participants provided detailed examples of failure-laden aspects
from their work. None of the expert group participants provided inaccurate examples of the
failure-laden aspect. Furthermore, expert group participants were careful to point out that failure
is essential in engineering that they need to look for consistently, rather than seeing it as a pitfall
or incompetence:

In the engineering design process, there is a failure analysis step before you build a
prototype. You're looking at all the possible failure points of what you're gonna
design. You try to think about ahead of time what will break. For a vehicle, you're
going to have things that will break. You need to anticipate that and make it easier
to maintain and fix. That's part of the engineering design process certainly. It
involves expecting failure and dealing with failure. You are solving complex
problems, you're doing analysis. You will have team members that make analysis
and calculations or fabrication…So failures happen. (EG_P_3, Interview)

Moreover, expert group participants also emphasized that failure is also an important part
of engineering, and engineers need to expect and embrace it with a growth mindset:

One of the hardest things that I've taught to new engineers and students is that it's
okay to fail. You should expect failure and mistakes. You have to expect that they're
going to happen. Don't be embarrassed about it, just own it. You learn from every
mistake that you make. (EG_P_3, Interview)
I wholeheartedly believe that a successful engineer is someone who fails a lot and
learns from those failures. It's part of the design process. As I mentioned before, you
may create an awesome design, but when you test it, if it doesn't meet the
constraints or criteria set, so you have to start over. That would be considered a
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failure. You failed to meet your objective, but that gives you information which you
can use to create better and newer products. (EG_P_8, Interview)

Two of the expert group respondents also stressed the importance of teaching failure in
K-12 engineering education:

Participant: So, I think failure is definitely one of the big points that can be taught
by the engineering design process and help students in school. Learning from failure
and engineering design challenges can really bring that out. You don't even have to
think of it as a failure. There's the old say like: “sometimes you win, sometimes you
lose” so instead of failure: “sometimes you win, sometimes you learn.” It's better
because even things don't go right, you just learn from it to improve it.
Researcher: Can you provide a concrete example?
Participant: I talked about the history of flight and how just new designs merged.
People tested it and worked off the ideas of others. So that's a pretty good example
of how failure has shaped how things have gone.
Researcher: I was wondering in case of failure how should engineers behave?
What should they do? What should be their attitude?
Participant: If it does happen, you learn from it. You see what you can improve on.
The focus is always on improvement. You need to check failures throughout the
design process. So, I don't even necessarily think that you might call it failures as
you're just learning and improving too. You are talking about it, testing it. (EG_P_6,
Interview)

Another expert group participant further elaborated on how failure and evaluation are
closely related in the iterative design:

Participant: I think teaching failure is pretty important in the K-12 setting. It can
be one component of any system or a design that failed. I need to find a solution to
fix that little piece of the system in order to get to the most optimal final product.
Well if we go back to the coconut example on how to connect the sticks together.
Maybe we have three possible binding materials that we can work with. One of
them is too brittle and we test it and it snaps. That's a failure that we need to go back
and look at other possible binding materials and figure out. Okay, that one didn't
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work and I'm gonna try this next one. Then you test it and it does work. But we had
to fail to understand that there was a weak leech in the design. From pre-NGSS
standards to NGSS, we are making it okay for students to kind of get messy. We let
them try things out, fail, and try it again. That's okay. If the teacher creates a
learning environment that embraces that and actually frames it in a positive way as a
learning opportunity, then students are going to be much more comfortable failing
and learning from mistakes. (EG_P_1, Interview)

One expert group participant underscored the importance of having a growth mindset and
she provided strategies on how to encourage students on embracing failure in engineering:

Framing the failure through growth mindset is important. You are learning and
failure is part of that. In engineering, you're designing. You are hoping that you'll
find out what are some of the ways that my design fails, so that I can address those.
When you think about the way we communicate, we communicate scientific
achievements and leadership. So, I think that even gets back down to the individual
student level. Students are really worried about failure and we need to address that. I
think it's a big challenge that we have and whether that's at the K-12 level or college
engineering education it's a whole process. I think it's something that we need to
make sure that people understand that. Yes, we want failure. We want you to try to
do that and make sure that you're having failures as you go. I personally have found
that the growth mindset to be really interesting. Really start thinking about the fact
that maybe you don't know how to do something yet. Just changing the mindset:
“Oh! I don't know how to do that”. It's a different message and: “I don't know yet
but I am open to having a growth mindset. I'm willing to learn to try it.” Just maybe
watch someone else do it and then do it myself. So, I know there has been some
evidence potentially that the women prefer vicarious learning. So that could be on
that growth mindset continuum. There is a space for that, and it works. I may learn
by watching someone else and then I can learn how to do it. Actually, I can do it
myself. I do see things that get better using and integrating the growth mindset into
how we educate young women and underrepresented students. I think it really could
help with them being more interested in engineering. Instead of seeing it as: “oh! I
don't think about engineering”, or “I don't know any engineers. I don’t think that
engineering is something for me. It is for the guy that's so nerdy who just sits by
himself on his computer.” If we can move away from a stereotypical view to more you know this is something that everyone could learn to do if you work really hard
at it. I think that might help us! (EG_P_2, Interview)
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Empirical (Testing). Unlike novice group participants, expert group participants
demonstrated a solid understanding of the crucial role of testing and ascribed roles for the
empirical NOE aspect throughout an engineering design process. All of the 12 expert group
participants had written and/or interview responses that affirmed the role of testing in
engineering. They explicitly stated that collecting data and analyzing the results inform the
engineering design process:

Science is guided by research questions and variables of interest are explicit in those
questions. Engineering is guided by the need or want that a design is going to
address and for that reason the criteria and constraints directly relate to the design
variables that are empirically informed. (EG_P_9, Written)
You gather data to know if you meet the criteria and constraints. You are gathering
information and testing to assess the effectiveness of your design. I think that goes
back to why it is problematic to have a linear or cyclical representation of an
engineering design process…Engineering is more complicated, and engineering is
empirical based. (EG_P_9, Interview)
This can be done with testing the design as well as getting feedback from the client
or consumers. (EG_P_6, Written)
Testing, testing, testing. (EG_P_11, Written)

Some other respondents further elaborated that engineering problems are complex, and
organizations employ full-time quality assurance engineers who repeatedly test the prototype and
compare with the criteria and constraints:

It is important to continuously review the required design criteria and constraints. For
example, the 2019 Baja SAE [It is a off-road car building competition] rule book is 124
pages. This provides a very complex set of design criteria and constraints to follow. It is
very easy to miss something. For complex problems, it is important to have a quality
control team. This team constantly compares the current solution with the criteria and
constraints. (EG_P_3, Written)
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All engineering work should be measured against the scope of work. A scope of work, if
written well, will define all of the product's requirements and the standards that must be
adhered to. Throughout the design process, the design is checked against these standards
to ensure the design is proceeding according to the client's requirements. (EG_P_7,
Written)
You have to constantly be evaluating your design and your solution. You need to be able
to identify if there are pieces of the design that are failing. Maybe the whole thing is just
not reaching the objectives that you set forth. It's just more about constant evaluation. So,
it's an iterative process of constantly looking at your design from a very critical lens.
Always have in the back of your mind your criteria for success, and knowing the
constraints that you have to work…It's all about constantly thinking evaluating, revising,
and improving. (EG_P_1, Interview)

Expert group participants' empirical NOE views were further investigated during the
interviews by probing how they conduct tests in engineering. Their responses represented how
expert group participants stated that in each phase of their process, they use lab equipment and
survey to collect data; and as a team, they interpret the results for research and development
purposes. For example, one participant emphasized how his company hired quality control
engineers to continually test the design:

Some of that comes under support engineering functions like quality engineering. During
the design process, all they're doing is making sure that you're meeting the client
requirements. They are checking that to make sure that we're meeting the scope and we're
meeting all the criteria. But the engineers themselves need to be familiar with all those
criteria and make sure that they're designing according to it. Because you can't inspect
that if you've already missed the criteria and you've produced your design. Then you may
have to go back and start all over again and that could be a huge problem. (EG_P_7,
Interview)

Creativity and Imagination. Like the novice group participants, expert group
participants asserted a role of creativity and imagination in engineering design. However, expert
group participants not only demonstrated well-articulated views for the creativity and
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imagination NOE aspect but also provided details on how creativity is needed in each phase of
an engineering design process:
Engineers’ creativity and imagination is central throughout the entire engineering
process. They use their creativity to frame a problem, to problematize that framing,
to work with one another and with stakeholders, to engage in modeling, data
gathering, optimization, and communicating about design. (EG_P_9, Written)
Engineers use creativity and imagination throughout the engineering design process
to help them find solutions to problems. Engineers create things that have never
existed. To do that, they use their imagination to prototype potential solutions. The
engineering design process is all about imagining, creating, and iterating until you
have a viable solution. (EG_P_2, Written)

Moreover, expert group members also cemented their informed creativity and
imagination NOE views by providing highly relevant examples either from the history of
engineering or from their work experience:

Engineering design is a very creative process... Mathematician and Engineer Larry
Genalo has stated that “Young children are inherently active with strong impulses to
investigate, to share with others what they have found out, to construct things, and
to create. In other words, a child is a natural engineer.” Proof of this is that children
ask around 125 probing questions per day, while adults only six. A good engineer
should be asking quality questions of the project team on what is possible and
feasible. Creativity can involve imagining new uses for other designs or designs that
had a different initial purpose. Johannes Gutenberg invented the printing press
around 1440. Initially, Gutenberg was just exploring other uses for wine presses. As
he gained more knowledge about them, he realized they could be used for a printing
press. Movable type, ink, paper, and the press itself were already invented. He just
had to put all the components together in a working manner to make something
new. (EG_P_6, Written)
Any solution to an unknown or new engineering problem needs a creative solution.
Apart from that, the creation of an interdisciplinary engineering field can be an easy
way of explaining creativity in the engineering process. Engineers look for or dig
into different fields than their own to find a solution. Similarly, Biomimetics,
Machine Learning are some nice examples of creativity in engineering design.
(EG_P_11, Written)
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All of the expert group members described engineering as a creative discipline, and they
underlined that creativity and imagination is always necessary throughout an engineering design
process, not only for the particular phases:

Creativity and imagination is apparent at the beginning of the design process when
an engineer is brainstorming solutions to a problem. Then, creativity is used again
to develop a solution. While this is an iterative process, each iteration will require
an understanding of individual problems/failures and creative solutions to each.
Then, as testing of solutions is developed, creativity is again required to develop
new testing methods as previous methods do not exist. Additionally, engineers often
have to be creative or imaginative to market themselves and their solutions to their
design team, their management, or their customers. This can require creative
explanations to show that their product or solutions are the best in comparison to
previous work or to competitor's work. (EG_P_8, Written)
The nature of technological design has to be a creative process because the
definition of engineering is related to this. Engineering is about designing and
developing what does not yet exist in the world. Without creativity, you simply
cannot do that. Whether it's designing some new type of bicycle, or designing some
new type of can opener, they're all going to require some creativity and
imagination… Any stage of an engineering task uses creativity. (EG_P_5,
Interview)

Adults likely think that creativity and imagination deal with bringing up out-of-the-box
ideas during the brainstorming phase, but generally miss the role that imagination is essential in
all phases of an engineering design process such as testing, marketing, and communication.
Expert group participants responses to the seventh item implied that creativity and imagination is
a fundamental part of engineering design solutions and it needs to be discussed explicitly as one
expert group underscored:

You're going to use your creativity as you start to generate initial ideas for solutions.
That's not a straightforward process. You're going to use your creativity when
you're figuring out how to interact with stakeholders, how to collect data, how to
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communicate with other people about what you're finding, how to justify your
ideas. If your purpose is to use your framing of the nature of engineering to help
someone else learn about engineering, then it needs to be explicit, especially with
teachers. I think depending on what age they teach; teachers are not necessarily
thinking about where the knowledge came from. I don't think that something
teachers instinctively think about. So, if you want them to think about creativity as
they need to create space for their students to have different ideas. If you want
teachers to do that, then you got to make creativity explicit. (EG_P_9, Interview)

NGSS and the K-12 Science Framework also explicitly discuss the role of creativity and
imagination in engineering. This response is supported by the views of the other expert group
members:

There's a lot of research on how kids’ creativity declines as they are in school for
longer which is very sad. It's actually really important for engineering in particular.
In order to develop new technology and have innovative designs and solutions to
problems in our world, you need to have an element of imagination and creativity…
An engineer has to think creatively, try, and create an innovative solution. You need
to be thinking creatively throughout the whole process, because you can't solve a
novel problem without creativity. I also think preconceptions that even young kids
have about engineering are very similar to the stereotypes of science such as
engineers work in an office or a lab, and they don't really get to be creative. It's
important to emphasize the creativity aspect and to encourage students because
engineering is really interesting and important. (EG_P_1, Interview)

Expert group participants provided detailed explanations of how creativity and
imagination used throughout engineering design, but as the sample excerpts that follow will
illustrate, with more frequency or so much more detailed than members of novice group
members:

Creativity and imagination is important in engineering. Baja competition has 100
teams designing and competing. They have the same performance evaluation
criteria, same constraints, and they want to do better than the other teams. The
correct ingenuity and creativity is important in coming up with ideas for solutions.
That's part of the reason why you need to have a broad design team with a lot of
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different experiences. People think about problems differently and the creative
solutions involve everyone's ideas… So that ingenuity and creativity is an important
part of being able to solve the problem in a successful way. (EG_P_3, Interview)

Creativity plays a significant role in engineering, both in developing original and
authentic ideas for engineering problems and dealing with the design throughout the engineering
design process, including testing and optimization. Expert group responses to the seventh item of
the VNOE-B instrument showed that all expert group members viewed creativity and
imagination is integral to engineering. Like the novice group participants, expert group
respondents viewed creativity and imagination in engineering design both in terms of ingenuity
and originality. But they also underscored that creativity is required in each phase of the design
process. All expert group participants built accurate and authentic cases for the impact of
creativity and imagination in engineering. Expert group members’ examples portrayed much
more informed descriptions in their scenarios than novice group members. Examples provided
by the expert group participants contrasted with the examples of the novice group participants.
All of the expert group members provided adequate examples, while novice group members’
examples were generally limited in scope or included misconceptions.
Multiple Solutions. As depicted in the novice group’s responses to the VNOE-B, the
eighth VNOE-B item was designed to elucidate the participants’ understanding of the multiple
solutions NOE aspect. In answering the VNOE-B multiple solutions item, expert group
participants acknowledged the existence of multiple solutions to an engineering design like their
counterparts (the novice group participants) but provided more in-depth explanations. All expert
group participants pointed out that multiple solutions exist in engineering. Participants
emphasized that engineers consider the clients’ needs based on the criteria and constraints, such
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as budget and environmental factors, and make decisions based on the priorities that bring tradeoffs in decision making. Additionally, expert group members also emphasized that designs vary
due to engineers’ conceptual frameworks, cultural and ethnic background, social and political
views. While the novice group also indicated that there are multiple solutions in engineering, the
expert group contributed many detailed and extended vignettes on the multiple solutions NOE
aspect. For instance, one respondent provided a description of multiple solutions due to the
diversity of teams and their thought processes, and elaborated on the example during the followup interview:

I believe that this is due to the variety of thought processes available in the
engineering market. The same reason engineers work best in teams is the reason that
there are a variety of products. Each person has a different method of generating
solutions and this allows for a variety of products to be developed. For example, at
[Company Name] we have unique material solutions for which are known. Our
competitors also have similar solutions. However, each group has unique processes
to generate these materials, which result in different costs, or slightly different
properties that can result in one being more cost-effective or performing better.
(EG_P_8, Written)

Additionally, the same expert group participant also added how engineering solutions are
influenced by engineers’ background, culture, and religion:

While all engineers want to have a separation of their values and their solutions,
each person has a bias based on their environment. This bias can affect their
engineering solutions and how they work. It is likely I have a bias due to my
engineering training at state universities - which are funded by the government. I
have also been influenced by my religion and culture. These factors have been
influential on my methods of processing and thinking about the world and thus, will
influence how I develop engineering solutions. (EG_P_8, Written)
I think there are a variety of products because there isn’t just one solution. And,
when there are a variety of people, cultures, companies, etc. working on similar
problems there will be a variety of designs. (EG_P_9, Written)
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Unlike novice group participants who only provided examples that revolved around the
commercial products in the market, expert group participants demonstrated adequate views of
the multiple solutions aspect with cited sophisticated examples from the groundbreaking
engineering advancements. For instance, one respondent articulated how all designs have their
problems and engineers make trade-offs based on their priorities:

The variety of different products that address the same problem exists because there
is often more than one correct answer to a problem. Nuclear power generation is an
example - the two main designs used involve either boiling water directly in the
reactor core, or heating pressurized water that is then used to generate steam. In
both cases, the goal is to generate electricity by turning a turbine, but both designs
work well for different reasons. Both also have their own problems, and research
continues to find an even better design, for instance, using a molten core of thorium232 instead, which can cut down on dangerous waste products and generates waste
that cannot be used to create weapons. (EG_P_7, Written)

Some of the expert group responses also provided examples from the consumer market,
however, their responses echoed a more rich and thick view of the multiple solutions NOE
aspect:

There can be a variety of products because there are competing companies with
slightly different designs, packaging, and marketing. One of the reasons can be
price, because consumers can afford different prices for designs. Cell phones come
with different price points. (EG_P_6, Written)
Every person thinks differently because of their culture, because of their political
views, because of where they grew up, because of the schools they went to…
Political views also have an influence depending on where and what country you
come from, or what side of the spectrum you are on that political spectrum. Because
of all these different pieces, engineers will think differently. Because they think
differently, they will come up with different ideas. Different ideas create different
solutions. (EG_P_8, Interview)
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One of the expert group underscored the role of criteria and constraints in multiple
solutions NOE aspect:

There's an infinite number of different types of vehicles. The purpose of the vehicle
is to get from point A to point B but does the vehicle need to carry one passenger or
eight. Does it carry goods and services? Is it going to be driving short distances or
long distances?... The answer is that most engineering problems are very complex
and there is no perfect solution. There are many different solutions to the problem,
and some solve better in some aspects. There might be several different
performance criteria, so each solution very rarely leads to a solution that is the best
in all the different performance criteria…Power plants, there's a lot of different
ways to make power. It's a huge engineering problem. What's the best way to
produce power? It's very cheap to burn coal but that creates health and
environmental problems. Nuclear energy is very clean and doesn't have a lot of
emissions. But there are safety and security issues with nuclear. There's a lot of
different trade-offs in every good engineering problem. (EG_P_3, Interview)

Expert group members also described the multiple solutions NOE aspect through the
comparison of competing products in the market and user choices which further substantiated
their well-developed understanding of the epistemology of multiple solutions aspect:

There are a variety of products to solve the same problem because most problems
are very complex and there are more than one valid solution. Sometimes the
solution that is best for one aspect of the problem is not the best for other aspects of
the problem. Facial Hair… Even when narrowed down to a specific single-bladed
razor, there are multiple choices. Cost, durability, and ergonomics may be different
for multiple products. (EG_P_3, Written)

All expert group members supported the notion that there are multiple solutions to
engineering problems. They provided examples that further elaborated on how criteria and
constraints influence the final design. They also explicated how engineers’ prior experiences,
social, cultural, cognitive, and philosophical backgrounds inform the engineering designs. Expert
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group participants further addressed how engineers’ diverse backgrounds impact the evaluation
and optimization of engineering design solutions:

To most problems in life, there are many potential solutions. The solutions created
vary based on the team of people who create the solutions. Their past experience
influences the solutions they design. There are also varied solutions based on the
resources available. In some situations, an engineering or team of engineers may
have extensive resources to design and iterate their solution, while other times, the
resources available (materials, funding, marketing, etc.) are very limited. These
constraints influence the solutions. (EG_P_2, Written)

Additionally, a few of the expert group participants explicitly discussed the role of
women and minorities in engineering. They justified how crucial role women and marginalized
engineers could play by arguing that how the lack of diversity in engineering fields causes
people to suffer from biased or limited products:

We each have our own experiences and knowledge bases. It's very important and
possible that each engineer may approach a solution to a given problem very
differently, depending on their background and experience. Additionally, you
cannot solve a problem for a population that you don't understand. If there was more
diversity in the field, there would be more novel solutions that would cater to a
wider population as well. (EG_P_1, Interview)
I don't think we will ever have non-biased products, all people have biases because
we are human. The only way to limit the impact of those biases is to have more
diverse worldviews. If the diversity of human beings working on those products
greater, the diversity of perspectives is greater, and there is more inclusive
technology. That definitely seems to be a need and a rationale for why engineering
with younger grades is essential. (EG_P_9, Interview)
Sometimes I get into the car wearing a ponytail and my head doesn't reach the seat.
Because a male engineer may be designed the headrest and never considered
making space around to accommodate women's hairstyles. That's a big safety risk
for women. (EG_P_10, Interview)
If we had more diverse teams in engineering, we could have very different products
and interactions. The way our systems work could just be very different if we had
more diverse people. I think all of those shape our society and could shape the
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designs that we come up within a way that would change life…As an example,
airbags were created for the average male size. What we started seeing was that
women were killed in car accidents. There is another one that is around voicerecognition. So the fact that a lot of our early admission system wouldn't very well
transfer women's voices to recognize them. There are some similar things more
recently with facial recognition. People with a darker skin color are not picked up
very well by the facial recognition algorithm. So for all of those reasons, if you had
included people with various voices, skin color, sizes in the design, you might have
realized issues before those products came to market. When there were problems,
you would only have iterated on them before releasing the end-products. (EG_P_2,
Interview)

Another expert group participant provided information about how she decided to become
an engineer and her response suggested that infusing engineering early in education may have a
potential to promote students’ interest in engineering careers:

I think I was 14 when a group called [Project Lead the Way] came to our school and
they said look we offer engineering classes. Some of them can be used for college
credit. This is kind of what we do. I thought it was amazing and right there I
decided I was going to be an engineer…I was just hooked starting at age 14 because
someone came to our classroom and said: Hey this is really cool! I really like it. I
hope you do too. Let's play. (EG_P_8, Interview)

Social and Cultural Embeddedness. As discussed in the previous section, the ninth and
the final VNOE-B item was aimed to extract the role of society, culture, and politics in
engineering. Expert group participants provided in-depth responses to the social and cultural
embeddedness NOE item:

Engineering is a way of knowing amongst people. Our ideas emerge from within
our sociocultural, political, and intellectual ways of thinking, experiences,
assumptions, and values. (EG_P_9, Written)
Engineering solutions are influenced by values and norms however the underlying
principles that guide the results are universal (physics, chemistry, etc.). If you
consider biological and pharmaceutical engineering, I think it is easy to see this
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difference and the interaction of this. For example, people design medications based
on the needs of people at a particular point in time and some have been created that
challenge values in certain cultures (e.g. erectile dysfunction and birth control). The
underlying biological functions are fairly universal but the design, application and
marketing of a drug to address these issues is impacted by the cultural values of the
society. (EG_P_2, Written)

Expert group participants presented many references that illustrated the influence of
society and culture on engineering and, in turn, engineering’s influence on society, culture, and
politics:

Engineering is necessarily infused with social and cultural values, but it's really a
question of where those values reside. Any engineering project is subject to a set of
specifications which necessarily reflect a set of norms and values. Cars, for
instance, are designed to meet specifications of safety. Those specifications are
completely determined by the social context in which the cars will be used. They
are also designed to meet specifications of cost, which is similarly socially
constructed. So the specifications which guide any design project are steeped
heavily in cultural and social values. (EG_P_5, Written)

Some expert group participants portrayed how politics impact engineering:

Engineering must reflect social and cultural values, which is a cornerstone of
engineering ethics. An engineer may not define an acceptable risk the same way the
public does; however, the public has a say in the matter, as they are the ones at risk.
A structural engineer may believe that their design for a bridge is perfectly
acceptable, but those driving on the bridge may not agree. Thus, the public, through
representatives in the government, create legal requirements that must be met for
things. Beyond legal requirements, consideration of culture infuses how products
and buildings are designed. (EG_P_7, Written)
I absolutely think that engineering is influenced by its culture. For example, the
United States has a very large military base. They like to support the military. They
like to have the best military, so a lot of engineering in the United States is
completely focused on making the military better…Where a person grows up will
completely change how they think. So how I think and how I respond to a problem
will be completely different from someone across the country or even across the
world. We're separate people and we’ll come up with separate solutions… So the
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actual results of engineering are highly dependent on where that person comes from.
(EG_P_8, Interview)

Some expert group participants presented the space race between Russia and USA that
started with the Russian launch of Sputnik in 1957 and culminated with the American moon
landing in 1969 and how it influenced the promotion of engineering education in the US:

I think it does work towards a perception than creating lasting change during the
Cold War. Especially during the early years, engineers at NASA were viewed as
heroes once we got to the moon and beat the Russians. (EG_P_7, Interview)
Design criteria and constraints applied to a problem will certainly be influenced by
social and political values, philosophical assumptions, and intellectual norms of the
culture in which it is practiced. (EG_P_3, Written)

Additional examples were provided to the ninth item. For instance, one expert group
participant addressed the impacts of engineering in developing countries and how this issue
influences socioeconomic inequality and produces biased technological products:

These are not either/or scenarios. Engineering does reflect social and political (and
corporate) values. It has philosophical assumptions. It is embedded in a culture. It
has universal impact. For example, the iPhone is certainly reflective of the social
values of being connected to others all the time. It has philosophical assumptions-that constant connectedness is good. It operates on psychological principles of
applying reinforcements on schedules that make it addictive, and attracting and
fixing attention due to rapid motion and sound. It is congruent with corporate and
governmental values of increasing surveillance of citizens and optimizing profit for
Apple, who strategically release new versions while old versions operate more
slowly after receiving automatic software "updates." In the sense that humans are all
humans, with highly similar psychological tendencies and dopamine hits from likes
and messages dinging all the time, humans with iPhones on this planet will have
similar addictive responses to these devices. Human culture is far more alike than
different, and devices produced in one part of the planet but exported elsewhere will
influence that culture in similar ways. I have concerns about the negative
consequences of technology, which tend to have greater impacts on the leastwealthy people and nations. We are pillaging natural resources to support the
development of technology, and those hardest hit by this are those who are most
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vulnerable. The natural resources needed to manufacture cell phones is a sad story,
to say the least. Social and cultural values are, sadly, often created and reinforced by
media. People are told what they want and need, maintaining technologies like
Botox that are often used for simply cosmetic reasons. (EG_P_4, Written)

Another expert group participant who holds international experience pointed out the
various influences of politics on engineering:

As soon as you define engineering, social, political, and cultural influences define
what is a good product and what are the constraints. Let's look at power generation.
Politically in the US, there's been almost an anti-nuclear trend to power generation.
Since the 70s, we had through Three Mile Island incident in Pennsylvania here. In
the Chernobyl incident in Russia that pretty much almost halted any new nuclear
power plants being developed in the US. Then we saw clear power, there's
maintenance and improvements on existing plants. But very few new power nuclear
plants have been developed. So that was a political decision to have nuclear power.
But if you look in other parts of the world, for example, France uses nuclear power
because it is relatively clean. Compared to coal, it is relatively inexpensive and
there was no political objection. So that they were building a lot of new nuclear
power plants. So their situation politically and culturally was different. Maybe if
they have a large nuclear accident, that would change. But for their culture and
political climate, there is not as much of an anti-nuclear power incident. (EG_P_3,
Interview)

Other expert group participants brought up how the economy and national political goals
influence their funding and engineering research agendas. These participants provided details for
the elements such as budget and political circumstances:

Engineering does reflect social and cultural values. What designs are worth
pursuing is a reflection of cultural values. A desire for more rapid and efficient
transportation leads to new designs. In the distant past, this was not as much of a
concern as people stayed in their communities for the most part. As the world and
economy becomes more global, communication technologies have received more
focus. There is a need to collaborate across the country and with people in different
countries. Some technologies are developed in one country and are then used in
other countries. Social and cultural values affect what is seen as needed and what
people are willing to invest in. In cultures that are more individualistic, there can be
more of a focus on self-promotion. Different apps or social media have been
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developed that have been more popular in certain countries. Cultures that are more
about the group can have different cultural norms. (EG_P_6, Written)

And the same participant also elaborated on the importance of funding in engineering
during the interview:

Politics definitely influence funding. National Science Foundation has a certain
amount of money that they're allocated. I think that money is allocated fairly based
on the best idea that's brought forth. But people's own political or personal
interpretations of what's important could influence things … Society influences
engineering and engineering influences the society. It's both ways. (EG_P_6,
Interview)

Another expert group participant elaborated further on the role of social and cultural
embeddedness NOE aspect on the society and politics, and discussed the importance of having
engineering literate citizens:

What we designed has huge implications on how people live their lives against
technology. Technology has changed the way people can interact with one another
and that changes society. So even right now we're talking via video conferencing
that would not have been easily available 15 years ago. So that has changed on the
fact that we are able to address. For example, the pandemic for COVID-19, the fact
that we're able to address by staying home and still being able to get work done. I
think that has influenced our ability and really in society. Engineering influences
society, and engineering is influenced by society. When we create something, that
can have huge implications on the way people live. I wish there were more people
that had studied engineering or had practice engineering that were engaged in actual
political process. There are a lot of decisions that are being made around regulation
policies. These decisions are being made by people that don't have a solid
foundation in the scientific principles or the engineering design that they are
creating laws about…Unfortunately, I don't think very many of the people that are
making the laws have a good understanding of engineering. So sometimes they'll
rely on experts but what I see is that they're making these decisions without fully
understanding it. I think it has huge impact on the whole society. So for me, I think
that's definitely a big example where I would like to have more elected officials,
more politicians that have an understanding of principles, and also the application of
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design and engineering. It would help them make better decisions. (EG_P_2,
Interview)

Comparison of Novice and Expert Group Participants’ NOE Views
Novice and expert group participants' views of Nature of Engineering (NOE) elicited
through the administration of the VNOE-B. List of VNOE-B items can be found in Appendix D.
Analyses of the written VNOE-B questionnaire, in conjunction with both group members’
responses to semi-structured interviews, were used to compare the NOE understandings of
novice and expert group participants. Follow-up interviews supported the valid interpretation of
the VNOE-B responses and prevented the researcher from misinterpreting novice and expert
group participants’ written responses in the VNOE-B instrument. Follow-up interviews also
allowed the researcher to interpret novice and expert group participants’ responses from
participants’ unique viewpoints and in their own words, thus minimizing the researcher’s bias
(Bogden & Biklen, 1992).
The data analysis detailed in this section was used to answer the second research question
of this dissertation. Data were analyzed in a similar fashion to the researcher’s earlier studies
employing the VNOE instrument that adopted the guidelines of Deniz et al. (2019). More
specifically, a 5-point scale was used to score novice and expert group participants’ NOE
conceptions by comparing the novice and expert group participant responses to the NOE
descriptions with the help of the scoring rubric (See Table 3). The initial step was scoring the
NOE views of novice and expert group participants’ responses based on the rubric that was
discussed in the previous chapter. Two other researchers also scored the VNOE-B responses.
Researchers mostly agreed on the given scores. In several cases, if there was a discrepancy
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between the assigned scores, researchers reviewed the responses again and discussed them until
all of them agreed on a score. Achieving a consensus on the given scores further supported the
validity of the VNOE-B instrument.
The frequency of all received scores of each novice and expert group participants were
calculated. The following is a detailed table containing the received scores of the novice and
expert group participants. These scores were generated with the aid of the rubric and assigned
based on the consistency of participants’ responses to the NOE descriptions that were discussed
in previous chapters. Table 5 illustrates a comparison of the novice and expert group
participants’ scores for each NOE aspect. Sample participant responses for each category in our
scoring rubric across nine target NOE aspects are presented in the Appendix E. It is obvious that
there is a substantial difference in the two groups’ conceptions of NOE. All of the scores,
whether “fully-informed”, “informed”, “partially-informed”, “uninformed”, and “uncategorized”
differed significantly between novice and expert group participants by more than two, except
minor outliers.
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Table 5: Expert and novice group responses to the VNOE-B
Novice Group (15 participants)

Expert Group (12 participants)

NOE
ASPECTS

Fully
Informed
(4)

Inform
ed (3)

Partiall
y
Inform
ed (2)

Uninform
ed (1)

Uncategori
zed (0)

Fully
Inform
ed (4)

Inform
ed (3)

Partiall
y
Inform
ed (2)

Uninform
ed (1)

Uncategori
zed (0)

Demarcatio
n

-

-

11

4

-

10

2

-

-

-

Social
Aspects

-

3

12

-

-

12

-

-

-

-

Engineering
Design
Process

1

-

6

5

3

11

1

-

-

-

Criteria
and
Constraints

-

3

9

2

1

12

-

-

-

-

Failure
Laden

1

3

5

3

2

12

-

-

-

-

Empirical
(Testing)

1

-

5

6

3

12

-

-

-

-

Creativity
and
Imagination

-

2

11

1

1

12

-

-

-

-

Multiple
Solutions

-

3

8

4

-

12

-

-

-

-

Social and
Cultural
Embeddedn
ess

1

3

4

6

1

12

-

-

-

-
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When the novice and expert group participants' NOE views were examined, a similar
pattern emerged. A comprehensive review of Table 5 reveals that substantially more expert
group participants received fully-informed (4-points) and informed (3-points) scores across NOE
aspects than the novice group participants. Majority of the comparisons for each NOE aspect
score between the novice and expert groups diverged by two or more points, except a few
outliers. Given this, there appears to be a large difference in the NOE scores of novice and expert
group participants. This difference in scores was large enough to make an inference that the
novice and expert groups’ NOE understandings differed substantially.
Demarcation
Novice and expert group participants’ perceptions of the similarities and differences
between engineering and other disciplines were elicited through a direct question on the VNOEB. Participants were asked what engineering is and if there were similarities and differences
between engineering and other disciplines. All 15 novice group participants gave responses that
showed only partial alignment to the demarcation NOE aspect description or showed a
misconception. On the other hand, all expert group participants received fully-informed and
informed scores. Notably, 11 (73%) of the novice group participants received partially-informed
(2-points) scores, and 4 (27%) of them received uninformed (1-points) scores for the
demarcation NOE aspect. While 10 (83%) of the expert group participants received fullyinformed (4 points), and 2 (17%) of the expert group participants received informed (3-points)
scores.
Social NOE Aspect
In responding to the second item on the VNOE-B questionnaire, novice group members
did not describe the social and collaborative NOE aspect at approximately to a similar extent as
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did expert group participants. Indeed, only 3 (20%) novice group participants demonstrated
informed (3-points), and 12 (80%) partially-informed (2-points) understanding of collaborative
NOE aspect. While novice group participants provided much fewer examples to the social aspect
of engineering, their responses were similar to the expert group participants. Apparently, novice
group participants also believed in the importance of teamwork and collaboration in engineering.
However, expert group participants provided much detailed real-world examples of how
engineers collaborate and communicate with engineers and non-engineers, both within and
across various engineering fields. All of the expert group participants received fully-informed (4points) scores, contrasting markedly with the underdeveloped or confusing examples provided by
the novice group participants.
Engineering Design Process
Novice and expert group participants responded to the third item on the VNOE-B that
probed their views about the engineering design process. The given responses illustrated that
expert group members held sophisticated understandings of the engineering design process. In
contrast, the novice group participants mostly held misconceptions about the engineering design
process or held inadequate conceptions. 6 (40%) out of 15 novice group participants held
partially-informed (2-points) views of the engineering design process NOE aspect. The
remainder (53%) of the novice group participants held uninformed (1-point) views or
uncategorized (0-points) views of the EDP NOE aspect. However, only 1 (6.67%) novice group
participant received 4 points and demonstrated a fully-informed view in the engineering design
process NOE aspect, unlike their counterparts. She was an outlier in the dataset, and she
generally outperformed other novice group participants. In her demographics survey, she stated
that she worked in an engineering company and developed engineering education programs for
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students. In comparison, all of the expert group participants indicated that engineers follow an
engineering design process and provided in-depth explanations of the phases with relevant
examples. However, the majority of the novice group participants held misconceptions about
how engineering is conducted and generally voiced a position that engineering design follows a
linear process. Some of the novice group participants stressed that the engineering design process
is the same as so-called “the scientific method.”
Criteria and Constraints
The fourth item on the VNOE-B instrument asked participants the role of criteria and
constraints in engineering design. Analysis of novice group participants’ responses to this item
unveiled their ideas about the criteria and constraints NOE aspect. 3 (20%) of the novice group
participants held informed (3-points) views, 9 (60%) received partially-informed (2-points)
scores, 2 (13%) received uninformed (1-points) scores, and 1 (6%) was placed to unrelated (0points) category. While all the expert group participants received fully-informed (4-points)
scores regarding the criteria and constraints NOE aspect, novice group participants’
characterizations of criteria and constraints were mostly poorly articulated. They did not
illustrate clear understandings of the role that criteria and constraints play on the engineering
designs. Moreover, it is noteworthy that the larger majority of the novice group participants did
not provide any examples to support their responses. In comparison, the consistency in expert
group participants’ conceptions is suggestive of perceptions that are complete and wellconceived. Also, it might simply show evidence that expert group participants' views of criteria
and constraints in engineering contrast in distinct ways from those of the novice group. In any
case, it is apparent that expert group participants' understandings of the criteria and constraints
NOE aspect were consistent with the views currently espoused by the NOE descriptions.

165

Failure-Laden
The fifth item on the VNOE-B elicited ideas in regard to the failure-laden NOE aspect.
Five (33%) of the 15 novice group participants received partially-informed (2-points) scores, 3
(20%) received uninformed (1-points) scores, and 2 (13.33%) of the responses were
uncategorized (0-points). Only 1 (6.66%) novice group participant posited a view that is
congruent with NOE descriptions and received a fully-informed (4-points) score, and 3 (20%)
received informed (3-points) scores by describing what failure is and how it influences the
engineering design. Contrarily, all of the expert group participants expressed sophisticated views
of the failure-laden NOE aspect. Unlike their novice group counterparts, most expert group
participants believed that failure and engineering go hand-in-hand, and it is an opportunity to
improve the design further. Moreover, they also explicated that failure is a data point and
identified by empirical methods throughout the engineering design process. The majority of the
expert group participants provided accurate examples from their prior experience, field work,
research and development laboratories, or the history of engineering. Some of the expert group
participants also provided examples of how to see failure as a learning opportunity both in
industry and/or in an educational context. This consistency in expert group conceptions exhibits
complete or well-understood perceptions. Moreover, it might illustrate that novice group
participants' understanding of failure in engineering differs from the expert group participants. In
one way or another, it is obvious that the majority of the novice group participants' views of the
failure-laden NOE aspect were in some ways inconsistent with the NOE conceptualization.
Empirical (Testing)
The responses to the sixth VNOE-B item probed participants’ views on the role of testing
in the engineering fields. The majority of the novice group participants held partially informed or
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uninformed understandings of the empirical NOE aspect. More specifically, 5 (33%) novice
group participants got partially-informed (2-points) scores, 6 (40%) received uninformed (1points) scores, and 3 (20%) provided unrelated responses and received uncategorized (0-points)
scores. However, 1 (6.67%) of the novice group participants received a fully-informed (4-points)
score. On the contrary, all expert group participants used the labels “testing” and “empirical” and
stressed the crucial importance of testing in engineering design. All of the expert group
participants demonstrated well-articulated views of the empirical NOE aspect. All expert group
participants’ responses were congruent with the researcher’s NOE descriptions.
Creativity and Imagination
Participants’ responses to the seventh item of the VNOE-B demonstrated that most
believed that creativity and imagination were integral to the engineering design. All of the novice
group participants expressed that creativity and imagination play a major role in engineering. It
may simply reflect the influence of advanced technological developments and tools in the
market, such as service robots and driverless cars we never imagined a decade ago. However,
most of the novice group participants believed that creativity is only needed in the beginning
phases of the engineering design process, such as the planning and brainstorming phase.
Additionally, a few novice group participants explicitly made references to the creativity NOE
aspect and were able to provide informed examples of creativity NOE aspect. Particularly, 2
(13.33%) novice group participants received informed (3-points) scores, 11 (73%) held a much
more limited view and received partially-informed (2-points) scores, 1 (6.66%) received
uninformed (1-point) score, and 1 (6.66%) received an uncategorized (0-points) score. Unlike the
novice group participants, expert group participants provided in-depth explanations for the role
of creativity and imagination throughout the engineering design process. Furthermore, they
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specifically underscored that without creativity and imagination, engineering could not exist.
Possibly, this consistency in expert group views is further evidence of their complete
understanding. These sophisticated views are expected since they are often exposed to ill-defined
problems that need to be solved by using creativity and imagination. In any event, it appears that
expert group participants' conceptions of creativity and imagination NOE aspect was consistent
with the NOE descriptions.
Multiple Solutions
The VNOE-B item number 8, asking the reasons why there are multiple products on the
market, intended to elicit novice and expert group participants’ conceptions of the multiple
solutions NOE aspect. All of the 12 (100%) expert group participants affirmed that there are
multiple solutions in engineering. Expert group responses were more detailed concerning the
multiple solutions NOE aspect in comparison to the novice group, and they did differ
substantially from their counterparts since most of the novice group participants provided
partially-informed responses for the multiple solutions NOE aspect. Mainly, 8 (53%) novice
group participants held partially-informed (2-points) views, and 4 (27%) participants received
uninformed (1-points) scores. However, the main difference between the novice and expert
group participants was on the depth of the responses and justification of the ideas.
Social and Cultural Embeddedness
The last VNOE-B item was developed to elucidate participants’ social and cultural NOE
views. In responding to the social and cultural NOE aspect question, novice group participants
mostly failed to make references to the social, political, and cultural impacts of engineering.
Particularly, only 1 (6.66%) of the novice group participants received a fully-informed (4-points)
score. Interestingly, this participant held an undergraduate degree in philosophy and did not have
168

any prior experience in engineering. Moreover, 3 (20%) novice group participants received
informed scores (3-points), 4 (26.67%) held partially-informed (2- points) scores, 6 (40%) held
uninformed (1-points) scores, and 1 (6.67%) received an uncategorized (0-points) score due to
unrelated information provided as a response. On the contrary, detailed examples and
descriptions provided by the expert group members during the written responses and follow-up
semi-structured interviews were consistent with the NOE descriptions and received fullyinformed (4-points) scores based on the rubric. Clearly, expert group participants conceptualized
the mutual relationship between engineering and society and their influences on each other with
strong evidence from the history of engineering and modern examples. As the representative
vignettes revealed in the previous section, all expert group members provided detailed examples
of the social and cultural embeddedness NOE aspect from various perspectives. As evidenced by
the responses, expert group members held fully-informed views in social and cultural
embeddedness NOE aspect and elaborated on the symbiotic relationship between engineering
and society.
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Chapter 5 Discussion and Implications
Introduction
The aim of the present study was to develop a Nature of Engineering (NOE) instrument
suitable for assessing learners’ NOE views. An expert panel guided the establishment of the face
and content validity of the items. As a part of this study, the construct validity of the instrument
was also established by comparing novice and expert group participants’ NOE views. Moreover,
detailed profiles of novice and expert groups’ views of the NOE were created and were analyzed
for any patterns that could inform NOE instruction.
The key findings stemming from these investigations are discussed here through the lens
of the conceptual NOE framework that inspired the current research. This chapter is organized
into four sections, the first of which summarizes the instrument development phase. This is
followed by a detailed examination of the NOE views of the novice and expert group
participants. The limitations of the current investigation are delineated in the third section, and
the fourth and final section is designated for the key study implications for pre-college NOE
teaching, as well as for some suggestions for future investigations in this field.
Instrument Development Phase
The instrument developed as a part of the present study was denoted as VNOE-B, as it
was based upon Deniz et al.’s (2019) VNOE-A questionnaire. Accordingly, the newly developed
VNOE-B is founded on nine key NOE tenets, namely (1) demarcation, (2) social and
collaborative, (3) engineering design process, (4) criteria and constraints, (5) failure-laden, (6)
empirical (testing), (7) creativity and imagination, (8) multiple solutions, and (9) social and
cultural embeddedness. Even though the development of the VNOE-B questionnaire, including
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the process that was employed when establishing its face, content, and construct validity, was
explained in detail in this dissertation, the key points are summarized here.
As previously noted, validation of the VNOE-B questionnaire involved several phases.
Initially, the NOE items and aspects were evaluated by six engineering experts who established
the face and content validity of the items and offered recommendations for further improvement.
As the expert panel members approved the descriptions of the key NOE aspects and provided
suggestions for the VNOE-B items, their feedback supported both the face and content validity
of the questionnaire. In sum, the face and content validity, as well as the wording of the VNOEB items, was endorsed by the expert panel. This revised questionnaire version was subsequently
subjected to a try-out study involving four participants, in order to ensure clarity in the wording
used in the instrument.
The final version of the VNOE-B instrument was completed by both a novice group
(comprising 15 pre-service and in-service elementary teachers) and an expert group (12
engineering educators, engineering faculty, and professional engineers) as a means of
establishing its construct validity. This was achieved by assessing the anticipated differences in
the scores achieved by the two groups, assuming that novice group participants would hold less
informed NOE views than expert group participants.
The questionnaire was deliberately open-ended to motivate the participants to freely
express their NOE views, as opposed to being forced to choose among a small number of
predefined options provided by the instrument developers. Some of the participants also took
part in in-depth interviews, and had the opportunity to elaborate on their responses or clarify any
vague descriptions. All data gathered through open-ended questionnaire and in-depth follow-up
interviews was analyzed via qualitative methods in order to identify any trends or patterns
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(Bogden & Bilken, 1992). Three researchers independently scored the participants’ NOE
responses and achieved inter-rater reliability above 95%. Hence, VNOE-B was proven to be a
useful and valid instrument for measuring learners’ NOE conceptions. In addition, data analysis
revealed that the instrument discriminated successfully between the novice and expert group
participants.
Novice and Expert Group Participants’ NOE Views
As a part of the present study, the NOE views of novice and expert groups were assessed
and compared to answer the research questions. Detailed profiles of both groups’ NOE views are
presented below to answer the first research question, while the differences between novice and
expert group participants’ epistemological views on engineering directly address the second
research question of the study.
Novice Group Participants’ Nature of Engineering Views
The novice group participants’ understandings of NOE aspects was limited and their
views were rather naïve, which is in line with the findings yielded by a relatively limited number
of NOE studies suggesting that pre- and in-service teachers tend to hold naive NOE views
(Deniz et al., 2019; Kaya et al., 2017)
In particular, majority of the novice group members held a weak understanding of the
“demarcation” NOE aspect and the role of the engineering design process. It is important to note
that one-third of the novice group participants conceived engineering either as a sub-discipline of
science or as synonymous to science. Similarly, very few of the novice group members
demonstrated an informed understanding of the “criteria and constraints” and “failure-laden”
NOE aspects, as well as the “empirical” NOE aspect. On the other hand, a large percentage of
novice group members held partially-informed understandings of the “multiple solutions” NOE
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aspect, and most participants demonstrated relatively informed views of the “creativity and
imagination” and “social and collaborative” NOE aspects.
On the other hand, most participants demonstrated a more adequate understanding of the
“social and collaborative” NOE aspect, as they were aware of the importance of collaboration in
solving engineering design problems and provided discipline agnostic generic responses that can
be embedded in any human endeavor such as art or science. However, they were unable to
provide relevant examples in the context of engineering.
Similarly, only one of the novice group participants held a more complex understanding
of the engineering design process, while others held the misconception that the engineering
design process is synonymous with the so-called “scientific method.” They also ascribed to the
view that the engineering design process is characterized by a linear sequence of steps that
should be followed exactly.
The findings further indicated that very few of the novice group participants
demonstrated a thorough understanding of the role of criteria and constraints in designing
technological products while others held mostly partially-informed understandings of this NOE
aspect. While they recognized the importance of criteria and constraints in engineering, they
provided limited examples in support of this assertion.
The role of failure in engineering captured by the VNOE-B was poorly understood and
also not appreciated by the participants, who viewed failure as something to be avoided, rather
than seeing it as an opportunity to learn and progress forward. Some novice group participants
ascribed failure to the engineers’ limited knowledge and skills. Thus, participants held a naive
understanding of the “failure-laden” NOE aspect.
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Novice group participants’ responses to the VNOE-B questionnaire item related to the
“empirical” NOE aspect revealed that a significant majority had limited understanding of the role
of data collection, analysis, and testing in engineering design. Moreover, they were largely
unaware of the “empirical” phrase, thus confirming that they only had a rudimentary
understanding of this particular NOE aspect.
On the other hand, majority of the novice group participants recognized the role of
creativity and imagination in engineering. However, in their view, creativity was only needed in
the beginning of the engineering design process, for which they could not provide detailed
examples. This relatively more nuanced understanding of creativity, when compared to the other
NOE aspects, might be attributed to the content of their prior courses that focused on creativity
and critical thinking as 21st-century skills and a human endeavor independent of any discipline.
It is also likely that they benefited from their prior training in NOS as a part of the Science
Teaching Methods course.
Novice group participants’ understandings of multiple solutions were also fragmented
and inconsistent, and were typically not associated directly with adequate conceptions of
engineering practices. Even though several participants were aware that engineering problems
often lead to multiple technological solutions, they did not seem to appreciate the link between
criteria and constraints and these diverse solutions. Similarly, they were unaware of the influence
of engineers’ prior knowledge and background on the design solutions they propose. Moreover,
majority of novice group participants were unable to provide any examples, or offered examples
that did not pertain to the “multiple solutions” NOE aspect.
A few of the novice group participants demonstrated partially-adequate views of the
“social and cultural embeddedness” NOE aspect. However, even in these isolated cases,
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examples on the role of society, culture, and politics in guiding the engineering field were almost
never mentioned, and neither was the influence of engineering on society. Surprisingly, the only
participant who provided a more complex and thoughtful response held a philosophy degree, and
was able to articulate the local and global impacts of engineering solutions on individuals,
organizations, and society. While this was an isolated case, it might indicate that philosophy
students in general hold more complex NOE views that would warrant further investigation.
Unfortunately, the remaining novice group participants’ views were not only immature but also
fragmented and poorly formulated.
The aforementioned findings should not be surprising, given that none of the novice
group participants received any training on engineering education or epistemological aspects of
engineering either as a part of their K−12 or university education. Similarly, NOE was not
addressed in any of their college courses or in the context of professional development training.
As previously noted, only one participant had work experience in an engineering
company and organized an engineering education afterschool club for K−12 students, which
likely contributed to their superior NOE understanding compared to their counterparts. Thus, it
would be interesting to further investigate the changes in NOE views of prospective teachers as a
result of collaboration with professional engineers or engagement in engineering-related
activities.
Data analyses also revealed several important patterns in the novice group participants’
NOE misconceptions. These patterns are in line with those noted by other authors in relation to
pre-service and in-service elementary and secondary teachers (Deniz et al., 2019; Kaya et al.,
2017; Marti et al., 2017; Marti et al., 2018). These misconceptions are likely due to limited
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engineering instruction for teachers, scarcity of teacher education programs specifically targeting
epistemology of engineering, and lack of exposure to engineering education training.
These limitations must be addressed, as teachers are the most important agents of change
in education. Indeed, if students are to gain a better understanding of the epistemology of
engineering, educators must have more than rudimentary or superficial knowledge of key NOE
tenets. An enriched knowledge of the NOE is especially important for teaching students about
the epistemology of engineering. Once they gain a more informed understanding of NOE
through training, teachers should also be provided continuous access to professional
development that focuses on explicit and reflective activities regarding NOE aspects, along with
engineering content and pedagogical content knowledge. These resources would allow teachers
to continually update their NOE knowledge and practices, while increasing their engineering
teaching self-efficacy (Kaya et al., 2019), which would in turn improve their attitudes towards
engineering teaching and learning.
It would also be beneficial to equip teachers with the skills needed to teach NOE
effectively, as a supplement to well-designed engineering design curricula. Teachers should have
access to the resources that would allow them to contextualize their teaching about NOE with
some authentic real-world examples or engineering stories that also emphasize equity and
inclusion. For example, when explaining that engineering is creative and failure-laden teachers
should use examples and/or simplified case studies from engineering practice to substantiate this
claim. For example, teachers can utilize the VNOE-B to start a discussion about the evolution of
computing and software engineering. In this context, they can emphasize the importance of prior
experience and culture in developing artifacts, as well as of teamwork and collaboration in
innovative development. They can use a video game as an example to demonstrate how the
176

software engineers work not only with other engineers but also with visual artists to design video
game characters, and with musicians and audio engineers to create the sound effects. They can
introduce the engineering design process to their students by asking them to reflect on how
artefacts are incrementally planned, whereby each step involves development, testing, and
debugging, leading to a revised and improved version, and this process is repeated until the
criteria and constraints are met to provide a well-functioning product that meets consumer
expectations. Teachers can also discuss with their students the diverse engineering methods and
their ability to address ill-defined technological problems. Additionally, ensuring that students
develop informed views of NOE might help them recognize the societal impacts of biased
technology, such as risk assessment algorithms in driverless cars, predictive policing algorithms
in criminal justice, medical machine and deep learning algorithms for health data, and inaccurate
facial and voice recognition algorithms that unfairly target certain societal groups. Students
should understand that the primary reason for these biases is lack of diversity in the engineering
profession, which results in technologies that promote discrimination while appearing neutral.
These explicit-reflective discussions may help to create informed consumers and creators of
human-made products from diverse backgrounds with respect to ethnicity, gender, race,
experience, education, ability status, religion, and socioeconomic status that are committed to
equity in engineering for all. Students must understand at a young age that it is hard to solve
complex technological problems without including everyone in engineering education and
careers, while also ensuring that those involved in the decision making understand their
professional responsibilities as well as legal and ethical regulations. Moreover, sparking
students’ interest in engineering through NOE and promoting diversity may also address social
justice issues. As Wulf (1999) suggested “Without diversity, we limit the set of life experiences
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that are applied, and as a result, we pay an opportunity cost—a cost in products not built, in
designs not considered, in constraints not understood, in processes not invented” (p. 9).
Expert Group Participants’ Nature of Engineering Views
According to the researcher’s best knowledge, this study is the first attempt to investigate
the NOE views of professional engineers, engineering faculty, and engineering educators.
Although comparable research was lacking, when developing the VNOE-B instrument, it was
assumed that, given that these professionals spent many years in the engineering practice and/or
education, they would hold highly sophisticated and well-informed NOE views that would
contrast those of novice participants discussed in the previous section. These experts completed
the open-ended VNOE-B and many also took part in follow-up interviews, allowing them to
elaborate on their NOE views and describe how they understand the epistemology of engineering
in their own words.
As expected, all expert group participants held advanced views of all aspects of the NOE
emphasized in the present study. All experts demonstrated complex understandings of the
“demarcation” NOE aspect, which explicates the relationship between engineering and other
disciplines. They also emphasized that engineering is a body of knowledge with its practices and
methods that focuses on designing and manufacturing of synthetic and artificial products,
technology, and processes. All 12 participants also stated that engineering is a highly social and
collaborative human endeavor that typically relies on large and diverse teams of professionals.
Expert group participants similarly acknowledged that the guiding function of the engineering
design process is to define, and address technological problems, and all concurred on the
importance of criteria and constraints in engineering. Moreover, all held adequate views of the
“failure-laden” NOE aspect and stated that engineers perceive design failures as crucial steps
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toward the most optimal solution. All held sophisticated views of the “empirical” NOE aspect,
stating that engineers employ repeated rounds of testing, iterative data collection when
necessary, and recursive cycles of analysis to reach an optimal solution by improving the design.
They also emphasized the role of creativity and imagination throughout the engineering design
process. All expert group participants explicitly recognized the presence of multiple engineering
solutions and not only held a sophisticated understanding of the “social and cultural
embeddedness” NOE aspect, but also emphasized that engineers are attentive to social and
ethical concerns.
When expert group participants were asked to define what engineering is and what the
similarities and differences between engineering and other disciplines are, they defined
engineering as a body of knowledge involving creation of products, as well as technological
problem-solving methods focusing on design under constraints. When making a distinction
between engineering and other disciplines, most participants stated that engineering and other
STEM disciplines are complementary to each other, as advancement in one often empowers
growth in another. Similarly, they viewed both engineering and science as creative human
endeavors that intersect but also have unique characteristics. For example, according to the
expert responses, engineering focuses on solving technical problems by relying on the design
methods to advance technology and processes to make a better-functioning world. In contrast,
the aim of science is predicting and explaining natural phenomena. Nonetheless, experts
concurred that both science and engineering are very creative and highly social disciplines that
rely on empirical methods, are socially and culturally embedded, and require technological tools
to attain their goals.
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Expert group participants’ understanding of the “social and collaborative” NOE aspect
was also comprehensive. Participants viewed engineering as a socially-oriented contemporary
field that is highly reliant on collaboration among diverse groups of professionals who combine
their expertise not only from multiple engineering domains (e.g., chemical, materials, and
software) but also from non-engineering fields, such as social and physical sciences, economics
and business, as well as visual and musical arts to solve complex problems. Expert group
participants also underscored that collaboration is necessary to successfully complete a project,
highlighting that heterogeneous engineering teams are generally more creative and innovative
than non-diverse teams. Some of the expert group participants also embraced the notion that the
“social and collaborative” NOE aspect, specifically focusing on the power of collaboration in
addressing complex regional, national, and global societal engineering challenges, should be
explicitly discussed in the K−12 engineering education to nurture students’ interest and
encourage and broaden participation of women and marginalized population in engineering as a
possible career path.
All of the expert group participants demonstrated a highly complex understanding of the
engineering design process and defined it as a systematic problem-solving method employed by
engineers to meet the societal needs or wants under constraints with the goal of extending human
capabilities. Experts also concurred that the various engineering design processes are determined
in line with each project’s aims, specifications, and constraints. More specifically, when
discussing what engineers do they tended to use the phrase “the engineering design process” as a
general term pertaining to a variety of activities, such as defining complex problems, needs, and
wants; developing multiple solutions by using creativity and imagination based on criteria and
constraints; and iteratively testing and optimizing the designs by evaluating the risks and
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considering trade-offs by using math, science, engineering knowledge, and technology. Thus,
they emphasized that these complex steps should not be confused with tinkering that mostly
relies on trial-and-error without employing empirical methods to evaluate outcomes. Some of the
expert group participants also supplemented their responses with examples from their own
disciplines. Their descriptions and examples portrayed engineering design as consisting of
various models that include distinct steps that never follow a linear fashion but often cycle
through nonlinear dynamic and creative phases to address problems or achieve goals that have
impacts on people, society, and the planet.
Expert group participants’ responses to the VNOE-B further confirmed that their wellsupported views of the “criteria and constraints” NOE aspect were consistent with the conceptual
NOE descriptions. According to the experts that took part in this study, in engineering, criteria
and constraints not only include available materials and current technological tools, time, cost,
budget, and funding, along with laws of physics, ergonomics, and aesthetics, but also
regulations, safety, sustainability, ethical and social implications, and environmental and political
considerations that establish the parameters that need to be respected when designing humanmade products.
All expert group participants similarly agreed that, in engineering practice, failure is
unavoidable and inevitable, and a good engineer not only expects but welcomes failure, as an
important element of the iterative process that allows the design to be further refined until it
meets the project goals. They also acknowledged that many students fail to see failure in this
way and must be taught to accept it as an integral part of an empirical process that informs and
assists engineers in improving their designs, as this is an integral aspect of a growth mindset and
self-efficacy. By addressing these misconceptions early in education, some experts opined that it
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is likely that more BIPOC (Black, Indigenous, and People of Color) students would be motivated
to pursue engineering as a career, as they would be able to develop an engineering identity and
sense of belonging by relating engineering to their lives.
Expert group participants further emphasized the importance of systematically and
incrementally testing their designs by conducting experiments, or using models and simulations,
and employing surveys to understand the customer needs and expectations, which would in turn
allow them to improve their designs, while adhering to all imposed criteria and constraints.
All expert group participants also discussed the role of creativity and imagination in
every step of the engineering process—including planning, developing, and optimizing
engineering design solutions—and supported their views with relevant examples. Some of the
expert group participants also emphasized the need to demonstrate to students how engineering
is a creative discipline that addresses important societal problems not only on a local, but often
on a global scale, such as automated farming and agriculture, and the medical sector. By making
connections between creativity in engineering and everyday issues, students are likely to be more
motivated to learn about engineering regardless of their geolocation or socioeconomic status.
As expected, expert group participants also provided well-articulated and fairly consistent
responses in relation to the “multiple solutions” NOE aspect, stating that engineering practice
embraces diverse solutions, as long as the imposed criteria and constraints are not violated. Most
participants elaborated on their responses by offering hypothetical and real-world examples
indicating that, in practice, one of the competing solutions would emerge as the most optimal
based on trade-offs, specifications, and requirements. In making these decisions, engineers are
guided by their expertise, prior experience, and education, but some participants noted that even
their gender and religion may influence the engineering solutions proposed. As a result, lack of
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diversity in engineering may limit the potential for finding better solutions that meet the needs of
a wide range of stakeholders. To address this shortcoming, they proposed attracting a wider
range of students in terms of gender and ethnic diversity to engineering degrees, as this will not
only strengthen the engineering pipeline but is also a matter of social justice. Expert group
participants also underscored that, as women and ethnic minorities are underrepresented in
engineering careers, they are at an economic disadvantage that will continue to widen the wealth
gap. They thus recommended teaching NOE concepts in an explicit-reflective manner may spark
the historically disenfranchised groups’ interest in engineering careers, which would in turn
ameliorate the aforementioned inequalities.
Experts similarly concurred that engineering is influenced, and in turn, influences the
society. Some of the participants also emphasized that engineering projects are mostly defined by
the funding organizations. As a result, when submitting their project proposals, engineers need to
be mindful of the political conditions and national trends, as this will affect their ability to secure
funding. In addition, they were of the view that engineers must consider social, environmental,
ethical, and political concerns as critical components of engineering, since technology may
benefit certain societal groups while potentially harming others. All participants supplemented
their responses with appropriate examples of societal, cultural, and political influences, and the
impact of engineering on society and culture. Participants also stated that engineers must be
attentive to the culture, values, and beliefs of the populations they serve. Consequently, they
highlighted the need to make engineering more accessible to all members of society, as this
would reduce the potential for social and environmental harm from engineering projects.
Although not explicitly asked in the VNOE-B instrument, modeling featured in many of
the expert responses, and was thus identified as an important NOE aspect that should be added to
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the further versions of the VNOE-B instrument. As indicated by expert group participants,
models and simulations are increasingly being used in engineering to test and analyze the
performance of different prototypes in order to find the most optimal solution. Given that the
expert group participants have extensive experience in a variety of specialty areas, such as
mechanical, materials, and software engineering, their responses confirmed that mathematical,
physical, as well as digital models that represent the fundamental features of the design are used
in practice to facilitate testing and to inform the design for further adjustments. Consequently,
modeling should be added to VNOE-B instrument as a new item and should be designated as an
independent NOE aspect.
As evident from the above, all expert group participants held well-informed NOE views,
thus confirming that engineers, engineering faculty, and engineering educators possess
sophisticated understanding of the epistemology of engineering that is congruent with the Deniz
et al. (in press) conceptual NOE framework. In addition, their responses are consistent and
mirror the fundamental NOE concepts. Such informed views of NOE and engineering expertise
places the engineers and engineering educators in a unique position to influence K−12
engineering education nationwide. Thus, it is important to promote active and continued
collaboration among educators, academia, and professional engineers aimed at enhancing K−12
engineering education in general, and fostering better understanding of the epistemology of
engineering, in particular. As was demonstrated in the preceding analyses, pre- and in-service
teachers lack the knowledge and skills needed to promote NOE in their classrooms. Thus, they
need to be prepared for their careers by faculty qualified to teach engineering. However, majority
of U.S. colleges of education lack the resources needed to assist prospective and current teachers
in integrating engineering and epistemology of engineering into their instruction. To introduce
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NOE into the K−12 curriculum in a meaningful way, there needs to be a concerted effort and
collaboration among engineers, engineering faculty, and curriculum and instruction designers, as
this is the only way to equip teachers with the skills and tools needed to successfully infuse NOE
into their instruction.
Construct Validity − Comparison of Novice and Expert Group Participants
One of the primary aims of the present study was to accurately capture novice group
participants’ (in-service and pre-service elementary teachers) and expert group participants’
(engineering faculty, engineering education faculty, and professional engineers) epistemological
views of engineering. Its further goal was to compare and contrast the NOE views of these two
groups, as this was the means of establishing the construct validity of the VNOE-B instrument.
As noted previously, the stratified volunteer sample of 12 expert participants consisting
of engineering faculty, engineering education faculty, and professional engineers, and a sample
of 15 novice group participants consisting of pre-service and in-service elementary teachers
included in this study possessed divergent views of the NOE conceptions. As anticipated, most
of the novice group participants lacked adequate understanding of the NOE concepts captured in
the VNOE-B questionnaire. On the other hand, all expert group participants possessed
sophisticated knowledge of values and beliefs pertaining to engineering and thus the nine NOE
aspects forming the study framework.
The divergent performance on the VNOE-B questionnaire by the novices and experts
was further examined during follow-up interviews. The interview responses supported the data
gathered via the questionnaire, confirming that the instrument was capable of distinguishing
between novices and experts. Indeed, participants who had experience in engineering or
engineering education (as engineering educators, researchers, or professional engineers) tended
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to hold NOE views that aligned with the conceptual definitions of NOE aspects. They also had a
more complex understanding of engineering as a profession. This comprehensive understanding
should not be surprising given that these expert group participants received countless hours of
specific instruction on the engineering knowledge and practices.
The study findings also confirmed that expert group participants held consistent views
across the nine NOE categories captured in the VNOE-B and were able to support their
responses with appropriate examples. Additionally, they were able to make meaningful
connections among all NOE aspects. On the other hand, novice group participants (in-service
and preservice elementary teachers) had very limited understanding of engineering and NOE
concepts (Deniz et al., 2019; Kaya et al., 2017; Marti et al., 2018). As demonstrated throughout
this work, novice group participants’ NOE views lacked coherence and did not align with the
conceptual framework adopted when designing the VNOE-B instrument. Moreover, they were
unable to offer relevant examples to support their claims, especially as they pertained to the
engineering design process, demarcation, and failure-laden nature of engineering.
Based on these findings, it can be surmised that the VNOE-B is a suitable tool for
examining learners’ NOE views that can successfully distinguish between adequate and
uninformed NOE conceptualizations.
Section Summary
As holding an adequate understanding of NOE is crucial in the NGSS era pre-college
engineering education, it is pivotal to probe learners’ NOE views. Ultimately, the aim of precollege engineering education is to empower engineering-literate citizens who can make
informed decisions on local, national, and global engineering issues.
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As stated in Chapter 2, several attempts at assessing teachers’ and students’ NOE views
have been made in the last five years. Particularly, NOE views of elementary students (Yesilyurt
et al., 2018), engineering students (Karatas et al., 2016), pre-service elementary teachers (Kaya
et al., 2017), in-service elementary teachers (Deniz et al., 2019) and secondary science teachers
(Marti et al., 2017; Marti et al., 2018) have been explored. The findings yielded by these studies
served as the foundation for the present investigation and provided a framework for the VNOE-B
development. In addition, as each of these authors highlighted the need for a more robust NOE
instrument to assess learners’ NOE conceptions, the VNOE-B instrument was developed and its
validity was tested.
The main goal of this study was to develop a valid and reliable instrument that can
effectively assess learners’ NOE views. This required ensuring face and content validity, which
was achieved by seeking input from an expert panel comprising of six engineering education
experts who possess extensive knowledge of the epistemology of engineering. They critically
reviewed the NOE aspects and the VNOE-B items and provided suggestions to improve clarity.
The instrument was revised accordingly, thus ensuring its face and content validity.
On the other hand, its construct validity was established by examining and contrasting the
novice and expert group participants’ responses. Lastly, triangulation through in-depth semistructured interviews (Lederman et al., 2002) supported the overall validity of the instrument. In
sum, as the expert group members achieved higher scores than the novice group participants, the
instrument successfully differentiated between engineering experts and novices.
It is also important to note that the NOE views of the novice group participants aligned
with those reported in the existing NOE literature (Deniz et al., 2019; Kaya et al., 2017; Marti et
al., 2018). This serves as further evidence that VNOE-B could be successfully applied to probe
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learners’ NOE views in similar settings. However, the expert group participants’ NOE views
could not be compared to those reported previously, as no prior studies assessing the NOE views
of engineers, engineering faculty, engineering educators could be identified. Nonetheless, the
overall findings yielded by the present study confirm that the VNOE-B instrument exhibits
adequate face, content, and construct validity.
Limitations
As certain trade-offs and compromises must be made in any study, this research is not
without its limitations. Specifically, owing to time constraints, participant availability, and
researcher’s prior conceptions, culture, and professional background and experience, caution
should be exercised when interpreting the findings reported.
First, it is important to note that, due to the non-random sampling and a relatively small
sample size, the present study results cannot be generalized beyond the subjects that took part in
this investigation. As noted previously, all study participants (i.e., pre-service elementary
teachers, in-service elementary teachers, professional engineers, engineering educators, and
engineering researchers) were recruited specifically due to their background and their ability to
contribute to the establishment of the instrument validity. Their detailed profiles were provided
in this dissertation to allow the readers to interpret and derive meaning from the results of this
study and to assist them in determining their relevance in other circumstances and contexts.
Second, appropriate and evidence-based empirical methods were employed to establish
the VNOE-B validity. Moreover, written VNOE-B responses were supplemented by in-depth
interviews to further confirm that VNOE-B is a valid and reliable instrument for electing NOE
views. Most importantly, VNOE-B successfully differentiated expert and novice groups' NOE
understandings. Nonetheless, as VNOE-B is a new instrument, follow-up revisions and
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modifications based on further empirical evidence will strengthen its validity. Therefore, it
would be more appropriate to discuss its effectiveness rather than validity, which primarily stems
from the data gathered via written responses in tandem with in-depth interviews.
Third, nine key NOE tenets were adopted in this study (Deniz et al., in press), in line with
the NGSS and K-12 Science Framework (NGSS, 2013; NRC, 2012). However, this list is not
comprehensive and is likely to be revised as further K-12 epistemology of engineering education
research advances are made (Yesilyurt, 2020). This is evident in the emergence of modeling as
an important NOE aspect, which was frequently mentioned by the experts but was not explicitly
asked and captured in the VNOE-B. Consequently, the results presented here should be seen as
the starting point for future investigations aiming to identify other NOE aspects, based on which
the VNOE-B instrument should be revised.
Finally, as an engineering educator, in conducting this study, the researcher inevitably
introduced certain biases, culture, prior experiences, social views, and conceptions into the
research process that influenced data interpretation and analysis. To provide more in-depth
context, at the time of the study, the researcher was a doctoral candidate in science education at a
U.S. state-funded higher education institute where the study was conducted. He holds a master’s
degree in computer science and a bachelor’s degree in chemical engineering. During his diverse
career, he has taught K−12 computer science and STEM subjects in private and charter schools
in the U.S. and abroad. Thus, the researcher has considerable experience about epistemological
aspects of engineering. His interest in NOE research was sparked five years ago when he had an
opportunity to work as a graduate research assistant in an NSF-funded project designed to help
teachers integrate engineering design activities into their teaching to meet the Next Generation
Science Standards requirements. As a part of this initiative, he was involved in developing and
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providing engineering education professional development focusing on epistemological aspects
of engineering to K-12 teachers and students. The researcher also has experience in using both
qualitative and quantitative methods, allowing him to adopt appropriate qualitative tools when
conducting the present study. The researcher also benefited from the insights gained as an
instructor on the Elementary Science Teaching Methods course that was in focus of the present
investigation. This diverse educational and career background allowed the researcher to
recognize the need for a more comprehensive NOE instrument. It is also important to note that
his NOE views fully align with the conceptual NOE descriptions provided in Appendix A.
Recognizing that this may be seen as a limitation, and a potential source of researcher bias, the
researcher employed triangulation by conducting in-depth interviews, and by scoring and
analyzing the data with the colleagues to ensure reliability in the analyses and interpretations.
Nevertheless, as qualitative research is always conducted through the researcher’s own lens, it is
likely that a different researcher would identify different patterns in the same dataset and would
report different findings. In other words, researcher’s background should be kept in mind when
interpreting the findings of the present study.
Implications and Recommendations for Future Research
While in the discussions presented in the preceding sections confirm that the study aims
have been met and the research questions have been answered, it is also important to discuss the
implications of the study findings for K−12 engineering education and provide suggestions for
future research in this field. First, as was demonstrated during data analyses, prospective and inservice teachers hold rudimentary understandings of the epistemology of engineering and require
further training. Second, as expected, engineering educators, engineering faculty, and
professional engineers were found to hold sophisticated NOE views. Hence, this expertise should
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be better utilized by promoting more active collaboration among engineers, engineering faculty,
college of education departments (e.g. Curriculum and Instruction, Teaching and Learning,
Educational Psychology) to provide the training needed to current and future K−12 teachers.
Thus, given that engineering literacy is recognized as an essential part of K−12 STEM education,
and NOE is an essential component of engineering literacy, VNOE-B can be adopted by
educational institutions to assess the views of faculty, researchers, teachers, and learners and
identify any gaps that can be addressed by revising the engineering curriculum. It is also
envisaged that teachers, curriculum developers, teacher educators, and other stakeholders will
use VNOE-B as a starting point for creating their lesson plans, engineering education materials,
and curricula to further advance the K−12 engineering education.
First, teachers need to appreciate that NOE is an integral component of engineering
literacy. As indicated in the present study and confirmed by other authors, such as Kaya et al.
(2017), Marti et al. (2018), and Deniz et al. (2019), most pre-service and in-service elementary
teachers hold naïve understandings of engineering that are devoid of any coherent framework. It
is thus important to employ teachers as catalysts to create engineering-literate citizens, as
teachers are the primary change agents in education and can serve as role models for their
students. In the increasingly globalized world, engineering literacy is essential for ensuring
economic growth, and civic participation requires knowledgeable teachers. Hence, teachers
should be provided training needed to equip them with the knowledge and skills required to
teach epistemology of engineering effectively. VNOE-B can play a critical role in this endeavor,
as it can inform K−12 engineering education planning and design. Since the VNOE-B
questionnaire was successfully developed and validated, it can be used to examine the
effectiveness of teacher training with regard to NOE, whereby pre- and post-test results can be
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compared to measure changes in the learners’ NOE profiles. Moreover, the VNOE-B
questionnaire can be used for starting engineering conversations in K−12 classrooms, as a part of
teacher professional development, and/or in STEM teaching methods courses to generate
discussions on NOE understanding and knowledge construction. In sum, the VNOE-B
questionnaire is expected to provide a highly beneficial contribution to the K−12 engineering
education, as it can effectively capture learners’ NOE views in a format that can be subjected to a
variety of analyses. Hopefully, this research study will allow the establishment of learners’
understanding of NOE aspects more comprehensively and will guide the improvement of the
pre-college engineering education to ensure that all key NOE aspects are addressed explicitly.
Second, as expected, the engineering faculty, engineering educators, and professional
engineers that took part in the present study hold sophisticated views of engineering. This
expertise must be better utilized by forging collaborations between educational institutions and
engineering companies to enhance teachers’ conceptions of the NOE through collaborative
content development and pedagogical practice. Additionally, effectiveness of these
collaborations should be assessed by adopting the VNOE-B to measure any changes in the preand in-service teachers’ NOE views.
In a similar vein, reform in undergraduate education to target objectives for engineering
literacy necessitates exploring engineers’ NOE views. The findings reported in this dissertation
revealed that engineers that took part in this research hold sophisticated conceptions of the NOE.
As the study sample was limited and was purposely selected, to generalize these findings,
conducting studies based on using the VNOE-B, but focusing only on professional engineers’
NOE views, is recommended.
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Finally, as repeatedly pointed out by the expert group participants, engineering is still a relatively
less diverse profession. Thus, in order to improve diversity, focus must be given to efforts to
attract women and BIPOC students to pursue engineering education and career. The experts also
pointed out that teaching NOE in K−12 might eliminate some of the current disparities. Thus, in
future studies, this argument should be empirically tested to see to what extent having adequate
understanding of NOE influence historically marginalized BIPOC students’ interest in
engineering. Additionally, there is also a need to develop new NOE instruments that are
accessible to elementary and English learner students. Finally, the present study will hopefully
generate more interest in a much-needed area of investigation concerning K-12 nature of
engineering education in particular, and developing engineering-literate citizens in general.
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Appendix A: Description of Nature of Engineering Aspects
NOE Aspect

Description

Demarcation (What is
engineering? What makes
engineering different from
other disciplines?)

Engineering is systematically engaging in the practice of design to achieve
solutions for specific problems. Engineers apply their understanding of the
natural world (scientific knowledge) to design solutions for real world
problems.
In the K-12 context, “science” is generally taken to mean the traditional natural
sciences: physics, chemistry, biology, and (more recently) earth, space, and
environmental sciences…We use the term “engineering” in a very broad sense
to mean any engagement in a systematic practice of design to achieve solutions
to particular human problems. Likewise, we broadly use the term “technology
to include all types of human-made systems and processes-not in the limited
sense often in schools that equates technology with modern computational and
communications devices. Technologies result when engineers apply their
understanding of natural world and of human behavior to design ways to satisfy
human needs and wants. (NRC, 2012, p. 11-12)
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Engineering design process
(EDP)

Engineering design process is viewed as both domain knowledge and the central
practice of engineering in the Framework (NRC, 2012). There is an overall
agreement on the components of the engineering design process described
below.
The core idea of engineering design includes three component ideas: Define,
Design, and Optimize
A. Define: Defining and delimiting engineering problems involves stating
the problem to be solved as clearly as possible in terms of criteria for
success and constraints or limits.
B. Design: Designing solutions to engineering problems begin with
generating a number of possible solutions. These potential solutions
are then evaluated to assess which ones best meet the criteria and
constraints of the problem.
C. Optimize: Optimizing the design solution involves a process in which
solutions are systematically tested and refined and the final design is
improved by trading off less important features for those that are more
important (NGSS Lead States, 2013, Appendix I, p. 104)

Empirical basis

Engineers optimize their design solutions and compare alternative solutions
based on evidence obtained from test data.
… engineers engage in testing that will contribute data for informing proposed
designs. A civil engineer, for example, cannot design a new highway without
measuring the terrain and collecting data about the nature of the soil and water
flows (NRC, 2012, p. 45)
Engineers use investigation both to gain data essential for specifying design
criteria or parameters and to test their designs. Like scientists, engineers must
identify relevant variables, decide how they will be measured, and collect data
for analysis. Their investigations help them to identify how effective, efficient,
and durable their designs may be under a range of conditions (NRC, 2012, p.
50)

Tentativeness1

Engineering design solutions are subject to change. Engineering design
solutions can be revised to better achieve the desired goal or they can be
revised to satisfy different criteria.
Phases of engineering design process do not always follow in order, any more
than do the “steps” of scientific inquiry. At any phase, a problem solver can
redefine the problem or generate new solutions to replace an idea that is just not
working out (NGSS Lead States, 2013, Appendix I, page 104).

1

This NOE aspect is removed from the list based on the recommendations of the expert panel.
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Creativity

Creativity and imagination of engineers play a major role during the
engineering design process. The role of creativity and imagination is not limited
to any specific component of the engineering design process.
Engineering and science are similar in that both involve creative processes, and
neither uses just one method (NRC, 2012, p. 46).

Subjectivity

There is no unique solution to an engineering design problem. While there can
be many solutions to the same problem, some of these solutions may be more
suited to meet the criteria and constraints of the problem.
There is usually no single best solution but rather a range of solutions. Which
one is the optimal choice depends on the criteria used for making evaluations
(NRC, 2012, p. 52).

Social aspects of engineering

Engineering is not a solitary pursuit. Engineering design solutions are
constructed through social negotiation. Despite their individual differences,
members of an engineering community share common understandings,
traditions, and values. This social dimension enhances the quality of
engineering design solutions.
The work of engineers, like the work of scientists, involves both individual and
cooperative effort; and it requires specialized knowledge (NRC, 2012, p. 28).
Engineers cannot produce new or improved technologies if the advantages of
their designs are not communicated clearly and persuasively. Engineers need to
be able to express their ideas, orally and in writing, with the use of tables,
graphs, drawings, or models and by engaging in extended discussions with
peers. Moreover, as with scientists, they need to be able to derive meaning from
colleagues’ texts, evaluate the information, and apply it usefully. In engineering
and science alike, new technologies are now routinely available that extend the
possibilities for collaboration and communication (NRC, 2012, p. 53).

Social and cultural
embeddedness

Engineering is a human activity. There is a continued interaction between
engineering and society. Sociocultural factors influence the engineering design
process, and in turn, engineering influences the society. These social and
cultural factors include social composition, religion, worldview, political, and
economic factors.
Not only do science and engineering affect society, but society’s decisions
(whether made through market forces or political processes) influence the work
of scientists and engineers. These decisions sometimes establish goals and
priorities for improving or replacing technologies; at other times they set limits,
such as in regulating the extraction of raw materials or in setting allowable
levels of pollution from mining, farming, and industry (NRC, 2012, p. 213)
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Criteria or Constraints

Engineers make decisions based on predetermined criteria and constraints
during the engineering design process. Making gains on one criterion often
involves losing on another criterion or other criteria.
Engineers must contend with a variety of limitations, or constraints, when they
engage in design. Constraints, which frame the salient conditions under which
the problem must be solved, may be physical, economic, legal, political, social,
ethical, aesthetic, or related to time and place. In terms of quantitative
measurements, constraints may include limits on cost, size, weight, or
performance, for example. And although constraints place restrictions on a
design not all of them are permanent or absolute (NRC, 2012, p. 205).

Failure-Laden

Failure in engineering design is inevitable and provides opportunities for
improving design solutions. Engineers engage in multiple iterations to enhance
the quality of their products and systems.
Tests are often designed to identify failure points or difficulties, which suggest
the elements of the design that need to be improved (NRC, 2012, p. 207).
Engineers often look for and analyze patterns, too. For example, they may
diagnose patterns of failure of a designed system under test in order to improve
the design (NRC, 2012, p. 86).
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Appendix B: Novice Group Participants’ Demographics
Pseudonym

Gender

Age

Education

Engineering
Class

Any
Relatives in
Engineering
Field

Relevant
Engineering
Experience

Familiarity
With
Engineering

NG_P_1

Male

24

Senior Student

No

Yes (Cousin)

No

No

NG_P_2

Female

31

Graduate
Student

No

Worked in
an
engineering
company

Designed
engineering
activities for
students

No

No

Yes (Father)

No

No

No

No

No

No

No

No

No

An interest,
but no
experience.
Took a
physics class
in college that
he found very
engaging.

BA in Business
Management

NG_P_3

Female

23

Graduate
Student
BA in English

NG_P_4

Female

22

Graduate
Student (TFA)
BA in English
(Major), Visual
Arts (Minor)

NG_P_5

Male

22

Graduate
Student (TFA)

BA in
Philosophy
(Major,
International
Relations
(Minor)

NG_P_6

Female

29

Senior

No

Yes (Fiancé)

No

No

NG_P_7

Female

20

Senior

No

No

No

No
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NG_P_8

Female

24

Graduate
Student (TFA)

No

Yes (Uncle)

No

No

BS in
Psychology
(Major),
Business and
Media
Studies(Minor)

NG_P_9

Male

23

Senior

No
Mentioned
he took a
mechanical
engineering
class

Yes
(Brother)

No

brother is a
civil engineer
with about 5
years of
experience or
more.

NG_P_10

Female

21

Senior

No

Yes
(Brother)

No

No

NG_P_11

Male

24

Graduate
Student (TFA)

No

No

No

No

BS in
Psychology and
Political
Science(Minor)

NG_P_12

Female

21

Senior

No

No

No

No

NG_P_13

Female

23

Senior

No

Yes (Aunt)

No

No

NG_P_14

Female

24

Senior

No

No

No

No

NG_P_15

Female

23

Graduate
Student(TFA)

No

Yes(Cousin)

No

No

BS in
Interdisciplinary
Studies
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Appendix C: Expert Group Participants’ Demographics
Pseudonym

Employment

Doctoral
Degree (if
applicable)

MS and/or
BS
degree

Years of
Experience

Job Description

Gender

(EG_P_1)

Research
Associate STEM
(Education
Company)

Ph.D. in
Science
Education
with an
emphasis on
Engineering
Education

MS in
Science
Education

6+ years

Engineering Education
Researcher

Female

Assistant
Vice Provost

Ph.D. in
Civil
Engineering
with an
emphasis on
Engineering
Education

MS in
Engineering
Management

Ph.D. in
Mechanical
Engineering

MS and BS in
Mechanical
Engineering

15+ years

Ph.D. in
Science
Education

MA in
Education

15+ years

(EG_P_2)

Engineering
Education
Engineering
Faculty
(EG_P_3)

Department
Chair

Assistant Professor of
Engineering Education

BA in
Anthropology

15+ years

Engineering/Engineering
Education Researcher

Female

Professor of Engineering
BS in
Biochemistry

Engineering Faculty

Male

Professor of Engineering

Engineering
Faculty
(EG_P_4)

Science and
Engineering
Education
Faculty

BA in
Science
Education
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Science and Engineering
Education Researcher
Professor of Science
Education

Female

(EG_P_5)

(EG_P_6)

(EG_P_7)

(EG_P_8)

STEM
Education
Faculty

Ph.D. in
Science
Education
with an
emphasis on
history and
philosophy
of
engineering

M.A.T.
Secondary
Science
Education

Ph.D. in
Mathematics
Education
with a Minor
in Statistics
Education

M.Ed. in
Mathematics
Education

Senior
Supervising
Engineer in a
private
company

Not
Applicable

M.S. and
B.S. in
Chemical
Engineering

15+ years

Research
Engineer

Ph.D. in
Mechanical
Engineering

B.S. in
Biomedical
Engineering

3+ years

STEM
Education
Faculty

3+ years

Technology and
Engineering Education
Researcher

Male

Assistant Professor of
STEM Education

B.A.in
Psychology
(major),
Physics
(minor)
6+ years

Mathematics and STEM
Education Researcher

Male

Associate Professor of
STEM Education

B.A. in
Secondary
Education
Mathematics

Practicing Engineer in
Industry

Male

Licensed Professional
Engineer
Professional Engineer in
Industry

Female

Lecturer in a State
University
(EG_P_9)

Science and
Engineering
Education
Faculty

Ph.D. in
Science
Education

M.S. in
Secondary
Science
Education

15+ years

Science and Engineering
Education Researcher

Female

Associate Professor of
Science Education

B.S. in
Chemistry
(EG_P_10)

Engineering
Instructor

Ph.D.
Candidate in
Mechanical
Engineering

BS in
Mechanical
Engineering
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6+ years

Former Practicing
Engineer in Industry

Female

(EG_P_11)

Application
Development
Engineer

Ph.D.
Materials
Engineering

M.S. in
Materials
Engineering

10+ years

Practicing Engineer in
Industry

Female

6+ years

Practicing Engineer in
Industry

Male

B.S. in
Materials
Engineering
(EG_P_12)

Software
Engineer

Ph.D. in
Electrical
and
Computer
Engineering

M.S. in
Computer
Engineering
B.S in
Electrical and
Electronics
Engineering
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Appendix D: Views of Nature of Engineering Questionnaire-Version B
● Please answer each of the following questions. Include relevant examples whenever possible.
● There are no “right” or “wrong” answers to the following questions. We are only interested in
your opinion on a number of issues about engineering.

1. What in your view, is engineering? What makes engineering different from other
disciplines (e.g., science, math, architecture)? Defend your answer with examples.
2. Describe how working with teammates might contribute to the outcomes of
engineering projects. Discuss the advantages and disadvantages of working with
teammates. Support your answer with examples.
3. Engineers engage in various processes to solve problems. Describe the processes they
might use as they seek solutions to the problem with a concrete example.
4. Engineers need to balance competing criteria and constraints when solving
engineering problems. Using an example, explain some of the various factors that
engineers often need to consider as they design.
5. In your opinion, what is the role of failure in the engineering design process? Explain
your answer with a concrete example.
6. How do engineers know that their design solutions meet the required criteria and
constraints as they engage in engineering design? Explain your answer with an
example.
7. How do engineers use their creativity and imagination throughout the engineering
design process? Explain your answer with an example.
8. Why do you think there is a variety of products in the market designed to solve the
same problem? Explain your answer with an example.
9. Some claim that engineering is infused with social and cultural values. That is,
engineering reflects the social and political values, philosophical assumptions, and
intellectual norms of the culture in which it is practiced. Others claim that engineering
is universal. That is, engineering transcends national and cultural boundaries and is
not affected by social, political, and philosophical values and intellectual norms of the
culture in which it is practiced. What do you believe? Does engineering reflect social
and cultural values, if so, how and why? Is engineering universal? If so, how and
why? Use examples to support your response.
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Appendix E: Sample Participant Responses to the VNOE-B Based on the Scoring Rubric
NOE
ASPECTS
Demarcation

Fully Informed (4)

Informed (3)

Engineering is an effort to address/solve technological
problems ("problems" broadly defined) through the
design and development of technologies (broadly
defined to include both product and process), using a
body of professional knowledge from the field of
engineering science as well as applying knowledge
from mathematics, physics, and other subject areas as
needed (e.g., economics, biology, chemistry, etc.).
Engineering is different than science because they have
different objects of study. The scientist seeks to produce
knowledge about the natural world using naturalistic
explanations and methodological naturalism. For
example, a scientist I know is trying to determine the
composition of the inside of stars, and uses techniques
from geosciences in his work. Another studies the
genome of cacti to determine where cacti originated and
how they have evolved and migrated over time. In
contrast, the engineer seeks to produce a technological
solution to a technological problem (e.g., how to
optimize efficiency of an engine; how to convert
biomass into biofuels; how various concrete
compositions respond to forces, stress, and heat). Many
people define disciplines by their method, and this leads
to problems. For those who see engineering as
synonymous with design or a design process, they will
wrongly think that building a deck or designing a house
is engineering. Contractors and other skilled laborers do
the actual construction. Architects can design buildings
with a knowledge of architectural principles, but they
do not study the building design using physics and math
as the engineer does. This is a complex question
because as I've describe this above, I'm dealing with the
ends of a spectrum. Engineering and science influence
one another in complex ways, and many working
professionals exist in a gray area in the middle, such as
"applied science." Applied science appears no different
than basic science, but it has a practical goal in mind
that makes it look more like engineering. For example,
an applied scientist (in an atmospheric science dept) I
know studies the formation of storm fronts (looks like
science), but has the goal of improved weather

The most basic definition of engineering
is, design under constraints. In my view
engineering design always has a realistic
purpose for the design. Every design has
constraints whether they are time,
personal, materials, or financial. There
are some overlapping ideas in the STEM
fields. Engineering is distinct in that the
engineering design process guides the
work of engineers. While there is no one
agreed upon engineering design process
there are overlapping ideas of creating,
testing, and making revisions.
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Partially Informed
(2)
To me, engineering
is designing.
Engineering is
different from other
disciplines because
engineers focus on
creating.

Uninformed (1)
Engineering is a
method of science.

Uncategorized
(0)
N/A

forecasting as a result (looks like engineering). Another
(in a college of engineering) is studying the chemistry
of organic compounds under extreme heat conditions,
but the goal is to develop cost-effective ways to convert
biomass into fuel.
Social and
Collaborative

In my experience, it is impossible to perform any kind
of engineering activity without working with others. On
large projects such as the design of a building, there is a
team of engineers that handle different disciplines, i.e.,
electrical design, plumbing design, HVAC design,
structural design, architecture, and so on. It is simply
not possible for one or two people to have expertise in
all of those fields. Even if someone were, there is no
way they could produce a design in a timely manner.
Working within teams helps ensure that different parts
of the design get coordinated - for instance, to make
sure that there is enough power to run the air
conditioners, and that the air conditioners can handle
the additional heating load imposed by lighting in the
building. It is also beneficial to have others nearby of
one's own discipline to consult with and to check the
accuracy of their work

A significant part of the
engineering design process
involves brainstorming potential
solutions to problems. A single
engineer can think of more
solution options as their
knowledge base and experience
increases. By working in a team,
there is a much larger base of
experience and knowledge which
will contribute more ideas for
possible solutions. Most
engineering problems require
interdisciplinary solutions.

Engineering
Design Process

There is no single engineering design process. The one
presented by Robert L. Norton in his textbook "Design
of Machinery" is useful as a starting point. I will use the
example of a current project my company is working
on, rebuilding portions of the [Company Name] near
[Location]. Identification of a need - The client
[Company name] identified that many of the buildings
at [Location] were damaged beyond repair by Hurricane
Michael in 2018. Background research - The [Company
Name] engaged with another company to analyze the
damage and create requirements that could be used to
bid the project. Goal statement - The goal statement is
embodied in the scope of work of the contract, written
by [Company Name] and agreed to by my company.
Performance specifications – [Company Name] created
a list of codes and standards to follow and created
several short requirement documents, one for each
building. My company takes those and creates more
detailed specifications that will then be used to guide
procurement and construction. Ideation and invention We create high-level design concepts for the buildings
we are contracted to design. Analysis - Different design
alternatives are analyzed against required codes,
customer requirements, and cost to determine the best

They may use an iterative
design process to create
solutions to a problem. I have
seen teams work together to
understand a problem or gap,
research the problem, imagine
possible solutions, plan, create
prototypes, test and evaluate
their solution/prototype,
iterate/improve/redesign based
on requirements or additional
needs and then cycle through
the process again. This type of
process allows for the
continuous improvement of a
product/process/design.
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Working with teammates
contributes to the outcomes
of engineering b working
efficiently and quickly. A
team of engineers are able to
collaborate and execute
plans probably much faster
than with just an individual.
However, working in a team
may also cause delays
because not everyone may
agree with each other.

Depending on the problem
they might have to come up
with their own solution by
themselves. This can take a
lot of research about the
problem and understanding of
what they are actually trying
to solve. After they have a
full understanding of the
problem, they will need to try
to come up with the right
solution. This may take more
research time and
brainstorming. Once they
know what they need to do,
they will have to put their
ideas into action.

N/A

N/A

They might start
with discussion,
then concept
maps, and then
actually testing the
solution and
troubleshooting. It
is a step-by-step
process just like
scientific method.

Um not really.

I think I would
define that more as
the trial-and-error.
I think the more of
a trial and error
and then following
through like steps,
linear steps.

design that satisfies the contract while minimizing
costs. Selection - The ideal design is selected. Detailed
design - Engineers come up with calculations for things
like occupancy, fire sprinkler water requirements,
plumbing loads, heating and cooling loads, lighting, etc.
These requirements are translated into design drawings,
two to three dozen per engineering discipline.
Prototyping and testing - This can take on different
meanings depending on what is being designed. An
electronic component or a small machine can be built,
tested, and redesigned. An aircraft hangar cannot.
However, for facility designs such as ours, there are
several review steps, called 35%, 60%, and 90%
designs, that are checked internally and reviewed with
the client. Recommendations and comments from both
are addressed to be put into the next stage of the design.
Additionally, the design is continuously reviewed
during construction to correct oversights and make
improvements that are cost effective and within scope.
Design is never truly done until the final product is
turned over to the client. Production - In our design
"production" would refer to construction. After all
internal and client design reviews are completed, and
the client has accepted the design, it is issued for
construction to begin.
Criteria and
Constraints

They will examine existing designs to similar issues,
consider the criteria and constraints, gather feedback
from stakeholders, work with mathematical, digital, and
physical models. Make trade-offs as evidence is
gathered and engage in design optimization.
Engineering is evidence based. I used to work on
ceramic materials for hazardous waste stabilization.
One product needed to contain specific amounts of
waste from nuclear energy sites without leeching
hazardous materials when the product became wet. We
compared the ceramic we were developing to other
containment methods that were already developed,
explored slurry components and proportions and
weighed decisions about the base materials, waste
material, cost, compression strength, fracture resistance,
leeching characteristics, etc. against one another. We
had a client who had to be informed and given space to
provide input, an environmental site that would be
affected and that imposed its own set of challenges,
movement of the materials that had to be considered.
Science isn’t straight forward by any means, but
engineering is constrained by the number of competing

When designing a building,
engineers have constraints due
to the land that the building will
be built on. How much space do
they have, what s the access to
electricity and water in that
area, what is in the surrounding
area ext. Engineers are also
constrained by the budget for a
project. They must consider the
price of materials needed.
Engineers may also design
projects considering the time
frame in which the project
needs to be completed. All of
these constraints cause
problems that engineers need to
solve.
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When designing a building,
engineers have constraints
due to the land that the
building will be built on. How
much space do they have,
what is the access to
electricity and water in that
area, what is in the
surrounding area ext.
Engineers are also
constrained by the budget for
a project. They must consider
the price of materials needed.
Engineers may also design
projects considering the time
frame in which the project
needs to be completed. All of
these constraints cause
problems that engineers need
to solve

When engineers
come across a
problem, they will
need to consider
all of the
possibilities,
before jumping
into a problem.
This includes, but
is not limited to:
the problems
(constraints) that
will come across
with choosing any
solution, and the
limitations that
will not allow
them to succeed.
In other words,
engineers need to
look at a problem
logically from

They need to
consider if anyone
has designed
something similar
to what they are
creating. They
need to be sure
that their design
was not already
thought of and
patented. If they
do not do this,
they can face legal
backlash in the
future.

criteria and constraints that don’t necessarily fit together
neatly.
Failure Laden

Empirical
(Testing)

every different
point of view.

Technological systems are pretty prone to failure, and
when designing a complex system, one needs to be
keenly aware of all of the different ways that system
might fail. A particularly good way to figure out how
something might fail is to empirically test it in some
way to determine where the limits are and how those
limits might be moved. If I am designing some kind of
electronic sensor, I want to know exactly what the
limits of use of that sensor are. In other words, I need to
know the fail limits of the sensor. If I'm trying to
measure the concentration of some dissolved substance,
I need to know if there is some concentration at which
my sensor will either give inaccurate measurements or
perhaps even be destroyed. I could invest this
theoretically in many cases. But at some stage, I also
probably want to create a physical prototype so that I
can empirically determine the limits of use. Because
failure is a central feature of technological systems, it is
necessarily a part of any process of engineering design.

Failure is a critical element of
evidence gathering. Failure is a
part of the design process and I
think it implies something more
nuanced in engineering than
just “it worked” or “it didn’t
work”. Failures are data points
that inform what and how
designs should evolve.

Engineers have to constantly evaluate their designs and
proposed solutions to the criteria and constraints
throughout the entire design process. Many professional
engineers may have very well defined limitations they
must work within, but these may also change over time,
and typically should change over time as you gain
additional information and insights on what it is that
you are designing, and as you learn more about the
problem you are solving and the users/clients/customers
you are designing a process or product for.
You have to constantly be evaluating
your design and your solution. You need to be able to
identify if there are pieces of the design that are failing
or maybe the whole thing is just not reaching the
objectives that you set forth at the beginning. If I were
stranded on an island dude is trying to get his
coconut…it's just more about constant evaluation so it's
an iterative process of constantly looking at your design
from a very critical lens.

Engineering is guided by the
need or want that a design is
going to address and for that
reason the criteria and
constraints directly relate to the
design variables that are
empirically informed.

Failure allows engineers to
make adjustments and build
better designs. We are always
improving, because of these
failures. Cars used to be very
unsafe in accidents, because
of this design issue, there are
now cars that are much safer
if you were to get in an
accident. If we didn't have
those initial cars, we wouldn't
have been able to learn about
the importance of air bags,
seat belts, and fronts of cars
that soften the blow to any
passengers.

Failure is
something going
incorrectly. For
example if they
are hired to fix a
problem, but
instead of fixing
the problem they
make it worse that
would be
considered a
failure.

Engineers know their design
solutions meet the required
criteria by researching and
testing their calculations or
design ideas.

I believe their end
product is the
determining factor
of whether they
met the criteria or
not. They may
have everything
mapped out and
believe that it will
be successful;
however, it is
unclear whether it
will be successful
in the end until the
final product is
visible.

I think the role of
failure in
engineering design
process is not
necessarily
extreme.

Engineers know
that their design
solutions meet the
requited criteria
and constraints
when the
consumers are
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The role of failure.
I don't know they
should seek help if
they can't figure it
out themselves.
Just a lot of people
who just sit around
in my office do
not know how to
solve a problem
and so they'll just
sit and they'll stare
at the screen.
That's not getting
you anywhere.
That's not really
helping.

I don’t know

Creativity and
Imagination

Multiple
Solutions

Social and
Cultural
Embeddedness

Creativity and imagination is apparent at the beginning
of the design process when an engineer is brainstorming
solutions to a problem. Then, creativity is used again to
develop a solution. While this is an iterative process,
each iteration will require an understanding of
individual problems/failures and creative solutions to
each. Then, as testing of solutions is developed,
creativity is again required to develop new testing
methods as previous methods do not exist. Additionally,
engineers often have to be creative or imaginative to
market themselves and their solutions to their design
team, their management, or their customers. This can
require creative explanations to show that their product
or solutions are the best in comparison to previous work
or to competitor's work.
If we had more diverse teams in engineering, we could
have very different products and interactions. The way
our systems work could just be very different if we had
more diverse people. I think all of those shape our
society and could shape the designs that we come up
within a way that would change life…As an example,
airbags were created for the average male size. What we
started seeing was that women were killed in car
accidents. There is another one that is around voicerecognition. So the fact that a lot of our early admission
system wouldn't very well transfer women's voices to
recognize them. There are some similar things more
recently with facial recognition. People with a darker
skin color are not picked up very well by the facial
recognition algorithm. So for all of those reasons, if you
had included people with various voices, skin color,
sizes in the design, you might have realized issues
before those products came to market. When there were
problems, you would only have iterated on them before
releasing the end-products.
Engineering does reflect social and political (and
corporate) values. It has philosophical assumptions. It is
embedded in a culture. It has universal impact. For
example, the iPhone is certainly reflective of the social
values of being connected to others all the time. It has
philosophical assumptions--that constant connectedness
is good. It operates on psychological principles of
applying reinforcements on schedules that make it
addictive, and attracting and fixing attention due to
rapid motion and sound. It is congruent with corporate
and governmental values of increasing surveillance of

happy with the
results.
I think engineers
use creativity
probably more so
in like the
brainstorming time
or the
development
stage! So through
the early stages.

Engineers’ creativity and
imagination is central
throughout the entire
engineering process. They use
their creativity to frame a
problem, to problematize that
framing, to work with one
another and with stakeholders,
to engage in modeling, data
gathering, optimization, and
communicating about design.

Engineers use their
creativities and imagination to
create unique designs. They
must design around many
constraints and still make it
functional.

We each have our own
experiences and knowledge
bases. It's very important and
possible that each engineer may
approach a solution to a given
problem very differently,
depending on their background
and experience. Additionally,
you cannot solve a problem for
a population that you don't
understand. If there was more
diversity in the field, there
would be more novel solutions
that would cater to a wider
population as well.

… there are several different
types of band aids. They all
solve the problem of getting a
cut; however, they are
different in the sense that
some are water proof,
different colors, have vaseline
built in, are different sizes etc.
This is because everyone
prefers different items.

Companies claim
to do it better than
their competitors
by using "better"
technology, but
usually the
difference is so
small that most of
the time, the price
increase of the
"better" brand is
not worth it.

N/A

I think that engineering
absolutely reflects social,
political, and philosophical
values. While all engineers
want to have a separation of
their values and their solutions,
each person has a bias based on
their environment. This bias can
affect their engineering
solutions and how they work. It
is likely I have a bias due to my

I think engineering reflects
the social and political values,
philosophical assumptions,
and intellectual norms of the
culture because the things that
are designed, the way they are
designed, and the materials
used to design them all play a
role in those listed above.

I believe that
engineering is
universal.
Engineering is one
in its own.

I believe that
engineering is a
mixture of
universal and
social and cultural
values. It isn't
always 50-50.
There are times
when it is a
combination of
40-60. This all
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N/A

citizens and optimizing profit for Apple, who
strategically release new versions while old versions
operate more slowly after receiving automatic software
"updates." In the sense that humans are all humans, with
highly similar psychological tendencies and dopamine
hits from likes and messages dinging all the time,
humans with iPhones on this planet will have similar
addictive responses to these devices. Human culture is
far more alike than different, and devices produced in
one part of the planet but exported elsewhere will
influence that culture in similar ways. I have concerns
about the negative consequences of technology, which
tend to have greater impacts on the least-wealthy people
and nations. We are pillaging natural resources to
support the development of technology, and those
hardest hit by this are those who are most vulnerable.
The natural resources needed to manufacture cell
phones is a sad story, to say the least. Social and
cultural values are, sadly, often created and reinforced
by media. People are told what they want and need,
maintaining technologies like Botox that are often used
for simply cosmetic reasons.

engineer training at state
universities - which are funded
by the government. I have also
been influenced by my religion
and culture. These factors have
been influential on my methods
of processing and thinking
about the world and thus, will
influence how I develop
engineering solutions.
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depends on the
goals of the type
of reflections that
the engineers are
trying to obtain. If
they are creating
something that is
supposed to
influence people
socially and
culturally in one
specific area, then
they will not think
of something that
is universal,
because that does
not apply.
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semester science projects, and reporting the final grades to the coordinator of the course.
2016 – 2017 Graduate Teaching Assistant- Applications of Technology in K-12 School
Science
Research-based study of the integration of technology into the teaching of science in grades K12. Students who successfully complete this course will have a greater appreciation for
technology’s role in the K-12 science classroom. Students will develop an understanding for and
commitment to appropriately integrating technology within their instructional practice.
Responsibilities included co-teaching (e.g. Computational Thinking, Engineering, 3D printing)
assisting setting up materials before the class, grading exams, students’ semester science
projects, and reporting the final grades to the coordinator of the course.
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2017 – Summer Graduate Teaching Assistant- Engineering Design & Solar Thermal Water
Heating
This is an independent study course for current CCSD teachers. Main topics include the
engineering design process (as it applies to the Next Generation Science Standards) and solar
thermal water heating and water treatment systems. The goal is to provide teachers with the
necessary tools and first-hand experience in using the engineering design process so that they can
incorporate engineering practices in their classroom. Responsibilities included co-teaching and
guiding students’ engineering projects, and assisting the coordinator of the course.
2019 – Summer Instructor – The Robotics Academy of Nevada
The Robotics Academy of Nevada – a statewide professional development program funded by
Tesla’s K-12 Education Investment Fund, facilitated by DRI’s PreK-12 STEM education and
outreach program, Science Alive, in partnership with the Colleges of Engineering at UNLV and
UNR. Responsibilities include teaching K-12 Computer Science standards to participating
teachers.
2016 – 2017 Tutor - UNLV Asian American and Native American Pacific Islander
Serving Institutions (AANAPISI) Program
This program provides assistance to Asian American and Native American Pacific Islanderstudents to improve and expand student retention, graduation, language access, and mentoring.
My responsibility is to plan, develop, undertake, and carry out activities to support students in
undergraduate level courses and mentor them about graduate school. I assist students to develop
a deeper understanding of course content, create effective study strategies, review lecture notes,
prepare for quizzes, tests, or exams. In addition, I assess the tutee’s progress throughout tutoring
sessions.
K-12 Teaching
2019 – Summer
Instructor – Absolute Academy Summer Gifted Camp
Absolute Academy is a non-profit educational organization which offers academic enrichment
programs in Northern Virginia to foster mathematical and computational thinking skills
of students. Absolute Academy uses the A-Star Program, which is a comprehensive curriculum
designed towards national and international competitions in Math and Computer Science, such as
MathCounts, AMC 8/10/12, USA(J)MO, and USA Computing Olympiad (USACO).
Responsibilities include teaching engineering and computer science to camp students and
prepare them for the USACO.
2017 – 2018 Instructor - UWSP Youth in College Summer STEM Program
University of Wisconsin Stevens Point Youth in College (YIC) is a summer enrichment
experience for high achieving academic ability students in grades K-9. Youth in College STEM
is a summer program designed for students who are currently in grades 6-9 and are functioning
above their grade level placement. Typical students who attend challenging, fast-paced Youth in
College programs are two grade levels above other students their age academically or
intellectually. YIC STEM is hosted by the Network for Gifted Education, University of
Wisconsin-Stevens Point. Responsibilities include teaching STEM and computer science to YIC
students.
2016 – 2017 STEM+CS Instructor - UNLV UPWARD BOUND
UNLV Upward Bound Math and Science Academy is a federally funded college-preparatory
program that serves high school students who are either low-income and/or potential first228

generation college students. Upward Bound's mission at UNLV is to assist students with
graduating high school, entering college, and earning a baccalaureate degree. Responsibilities
included teaching STEM and Computer Science to Upward Bound students.
2015 – Present STEM Instructor – UNLV Saturday STEM School
Responsibilities include advertising Saturday STEM School through traditional and
technological means, developing an overarching theme for Saturday STEM courses and teaching
engineering and robotics for students.
2008 - 2014 Teacher of Computer Science
Evaluated and developed curriculum and lesson plans for all computer science subjects.
Interviewed, hired, observed, evaluated, and mentored K-12 computer science teachers.
Improved the computer science laboratory equipment and facilities in all district schools. Created
and gathered resources to establish new STEM+CS course offerings at the
elementary/middle/high school levels. Courses Taught: Digital Arts, Web Authoring,
Introduction to Programming, AP Computer Science (Java), Introduction to Engineering 101,
IGCSE Information Technologies and Communication, AS & A Level ICT. Supervised and
coached FIRST Robotics programs.
2008 - 2010 Teacher of Math & Science
Courses Taught: Algebra, Physical Science, Life Science

FELLOWSHIPS & SCHOLARSHIPS
•
•
•
•
•
•
•
•
•
•
•
•
•

Nominated for the President’s UNLV Foundation Graduate Research Fellowship (2019)
UNLV Summer Doctoral Research Fellowship (2018, 2019)
John Vergiels Scholarship (2018, 2019)
University of Nevada, Las Vegas Teaching Assistantship (2015- Present)
Southwest Travel Award (2018)
GPSA Book Scholarship (2017)
Patricia Sastaunik Scholarship (2017-2018-2019)
UNLV Department of Teaching and Learning Scholarship (2017)
UNLV Access Grant (2016-2017-2018-2019)
Edward Pierson Scholarship (2017)
University of Nevada, Las Vegas NSF Research Assistantship (2016-2017)
Eskisehir Trade and Business Foundation Scholarship (2002-2007)
Anadolu University Rector Scholarship (2002-2007)

SERVICE LEADERSHIP
•
•
•
•
•
•

Code.org Volunteer
ASEE 2018 Computers in Education Division Session Moderator
FIRST Robotics Competition NV Regional Championship Judge
FIRST First Tech Challenge NV State Championship Judge
National Center for Women & Information Technology Collegiate Award Selection
Committee Member
Civil Air Patrol (CAP) Senior Member
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•
•
•
•
•
•

UNLV Turkish Student Association Vice President
STEM-EXPO Daisy Education Corporation Exhibition Committee (2013)
GISUTECH National ICT Olympiad Committee Chair (2014)
Coral Academy Science Fair Judge (2016-Present)
Chaglar Educational Institutions STEM- EXPO Committee Member (2011- 2013)
ACCORD Digital Story Contest Judge (2009)

EDITORIAL ACTIVITIES
•
•
•
•
•
•
•
•
•

Association for Computing Machinery (ACM) Special Interest Group on Computer
Science Education (SIGCSE) Annual Conference Reviewer
American Society of Engineering Education (ASEE) Annual Conference Reviewer
ASEE Collaborative Network for Engineering and Computing Diversity (CONECD)
Annual Conference Reviewer
National Association for Research in Science Teaching (NARST) Conference Reviewer
ASEE Student Division Best Paper Award Reviewer
Computer Science Teachers Association (CSTA) Annual Conference Reviewer
Society for Information Technology & Teacher Education (SITE) Reviewer
National Science Teachers Association (NSTA) Science Scope Journal Reviewer
Journal of Pre-College Engineering Education Research (J-PEER) Reviewer

PROFESSIONAL MEMBERSHIPS
•
•
•
•
•
•
•
•

American Educational Research Association (AERA)
Association for Computing Machinery Special Interest Group on Computer Science
Education (SIGCSE)
National Science Teachers Association (NSTA)
American Society of Engineering Education (ASEE)
National Association for Research in Science Teaching (NARST)
The Association for Science Teacher Education (ASTE)
Society for Information Technology & Teacher Education (SITE)
Computer Science Teachers Association (CSTA)
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